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 Hematopoiesis is the process by which mature cells of the hematopoietic system 
are replenished.  Hematopoietic stem and progenitor cells (HSPCs) are responsible for 
the maintenance and generation of blood cells in circulation.  HSPCs primarily reside 
within the bone marrow (BM) in distinct niches that secrete soluble cytokines, growth 
factors, or utilize cell-to-cell interaction to regulate HSPC activity.  The bone marrow 
niche is comprised of multiple cell lineages including endothelial cells, mesenchymal 
stromal cells (MSCs), and marrow adipose tissue (MAT).  Previous reports on the 
influence of age and diet on the BM suggest a role for lifestyle factors in modulating 
hematopoiesis and HSPC function, creating a more dysregulated environment more 
conducive to malignant disease.  Exercise training influences the BM architecture and 
HSPCs; and however, a paucity of data exists detailing how exercise may be utilized as 
a potential therapeutic option in disease models, such as cancer.  Thus, the purpose of 
this thesis was to investigate the role of exercise in modulating the BM niche and 
HSPCs in disease models of cancer.    
 This dissertation is divided into four sections.  First, we review the literature 
available pertaining to exercise, BM microenvironment, and hematopoiesis. 
Subsequently, for our first experiments we determined whether an acute bout of 
exercise bout of exercise was sufficient to influence the BM compartment.  To establish 
the influence of exercise, we measured the proliferation of HSPCs and BM MSCs via 
bromo-deoxydurine (BrdU) incorporation and utilized cytokine arrays to determine if the 
stromal cell secretome.  We observed that an acute bout of exercise stimulated the 
proliferation of both HSPCs and BM MSCs, and altered the secretome of MSCs to 
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promote factors that stimulated proliferation and mobilization of HSPCs.  Following our 
establishment that exercise modulates the bone marrow compartment, we next moved 
to characterize if exercise could be used as a therapeutic intervention in a cancer 
model.  Colorectal cancer (CRC) is characterized by skewing of HSPCs down myeloid 
lineages that increase the progression of CRC, and the progression is exacerbated in 
obesity.  We utilized exercise training as a therapeutic intervention in an AOM model of 
CRC following consumption of a high fat diet, and measured if the exercise training 
minimized the hematopoietic burden.  We observed that CRC and obesity conferred 
long-term deficits to primitive HSPCs, and these biases were mostly reversed with 
exercise training.  More importantly, we observed that exercise training drastically 
remodeled the bone marrow compartment and reversed the pro-inflammatory 
environment associated with obesity and CRC, thereby attenuating the persistent 
inflammatory stress to HSPCs.  In the final section, we wished to establish if exercise 
would protect the BM and HSPCs from more direct stressors, and modulate risk for 
secondary malignancy.  We utilized a mouse model of leukemia by exposing CBA mice 
to a sub-lethal bout of ionizing radiation. We observed the protective effects of exercise 
training by increasing, as measured by increased hematopoietic recovery following IR.  
More importantly, we observed exercise protected the BM niche and resident stromal 
cell population while increasing the accumulation of BM fat.  Finally, we observed that 
exercise training, in the presence of obesity, decreases the inflammatory contributions 
of stromal cells to the BM niche, reducing BM stress and pre-leukemia associated 
cytokines.   
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 In summary, we show that exercise training influences the bone marrow 
microenvironment and hematopoiesis in disease.  Moreover, we show that obesity and 
exercise training directly influence the bone marrow microenvironment, and for the first 
time, exercise training reduces inflammation of the bone marrow.  In turn, these data will 
assist in the development of how exercise reduces cancer risk and development of 
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Chapter 1: Introduction 
The hematopoietic system is responsible for the delivery of nutrients and oxygen to 
tissues within the body and protection via the immune system.  Normal hematopoietic 
function relies on the daily turnover of millions of cells.  The repopulation of the 
hematopoietic system relies on a small pool of hematopoietic stem cells (HSCs), 
constituting less than 0.001% of cells within the bone marrow (14).  HSCs are the most 
primitive cells atop the hematopoietic hierarchy; that proliferate and differentiate into 
most mature cells within peripheral circulation.  HSCs primarily reside within the bone 
marrow compartment and are tightly regulated by the bone marrow niche.  Previous 
reports have demonstrated that host factors, such as obesity and fitness level, can 
modulate the bone marrow microenvironment and HSCs. The following chapter will offer 
a brief overview of the hematopoietic system, examine the history behind HSC 
research, and concisely detail how host factors modulate hematopoietic function.  
Finally, we will cover the purpose of the experiments contained within this thesis.  
1.1 Overview of the Hematopoietic System 
 Hematopoiesis is a complex and tightly coordinated process by which mature 
cells of the hematopoietic system are replenished by HSCs (49, 75).  Maintenance of 
the hematopoietic system involves the daily turnover of millions of cells including 
erythrocytes, megakaryocytes, and platelets to cells of the immune system including 
monocytes, neutrophils, and lymphocytes such as T-, and B-cells. Cells of the immune 
system are responsible for protection against invading microorganisms and are 
comprised of two primary systems: the innate and adaptive immune systems. Cells of 
the innate immune system are the first responders in the inflammatory response, and 
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ensure a rapid response to physiological insult such as acute infection (2). This rapid 
response, while not specific, is effective at recognizing non-host microbes.  The 
adaptive immune system is slower responding, but yields high specificity and is effective 
at responding to a wide variety of foreign pathogens (41).  The coordinated interaction 
between the innate and adaptive immune systems ensures protection from 
microorganisms, ability to heal from trauma, and recovery following exercise (4, 41, 65). 
The functional maintenance and repopulation of the innate and adaptive immune 
systems is primarily supplied by the HSC residing within the bone marrow.  The 
mechanisms underlying HSC regulation are continuously being elucidated; yet, much 
remains unknown. Further discerning HSC regulatory pathways, or modalities to 
influence hematopoiesis, provide the opportunity to develop therapeutic modalities to 
combat hematological malignancies. 
1.1.1 Abridged History on HSC Research  
 The concept of a “stem cell” were first postulated by German biologist Ernst 
Haeckel in 1868, describing how multi-cellular organisms arise from a single fertilized 
cell (38).  Almost half a century later, Artur Papenheim further refined this hypothesis 
and proposed a type of precursor cell capable of generating downstream lineages of red 
and white blood cells (62) that eventually culminated in the “unifying hypothesis for 
hematopoiesis” in 1905 (8). Although the technology of the early 20th century limited the 
scientific community’s ability to definitively characterize these populations, eventually 
known as HSCs, it is nevertheless remarkable that this reasonably accurate model of 
hematopoiesis was constructed; thereby providing the framework for which 
hematopoietic hierarchy that would eventually arise.  
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 Indeed, this hypothesis would remain debated until the prodigious works of 
James Till and Ernest McCulloch in the 1960s.  Till and McCulloch made the astute 
observations of macroscopic colonies cells from various hematopoietic lineages within 
the spleen of recipient mice (52, 53). Follow up collaborations with Andrew Becker 
elegantly demonstrated the generation of colonies from single cells (11).  Utilizing a 
mouse bone marrow transplant model, Becker et al. sub-lethally irradiated bone marrow 
cells to induce chromosomal changes, and transplanted these cells into recipient mice 
(11). The researchers evaluated the karyotype of cells in each splenic colony and 
observed the same genetic alterations within cells of individual colonies.  These studies 
were the first to highlight the capacity of individual bone marrow cells rapidly divide to 
build large colonies of cells belonging to diverse hematopoietic lineages.  
The importance of these studies cannot be overstated; as they established the 
foundation for which hematopoiesis is currently understood and the first to describe the 
hall mark characteristics by which stem cell populations are defined: the capacity for 
self-renewal and differentiation (Figure 1.1). Following these seminal studies, research 
has been directed into further identifying HSCs based upon their cell-surface 
phenotype, internal transcriptome, and further delineating their regulatory mechanisms 
within the bone marrow niche.  The future field of HSC research is bright and exciting, 
as regulatory mechanisms and avenues of application are continuously being unveiled.  














Figure 1.1. Self-renewal vs. differentiation. Stem cells contain the hallmark 
characteristics of self-renewal and differentiation. 1) Cells undergoing self-renewal will 
symmetrically divide and produce two daughter cells identical to the parent cell (A). 2) 
Differentiation involves a parent cell undergoing asymmetric cell division and producing 
one daughter cell identical to the parent (A) and one different daughter cell (B).  3) 
Symmetric, non-self-renewing divisions where one stem cell becomes two more 
differentiated progenitor cells.  Within the stem cell hierarchy, more differentiated 
progenitor cells have a higher capacity for proliferation and a smaller capacity for self-
renewal.  More primitive cells have a higher capacity for self-renewal. These two 
properties allow a small pool of stem cells to stay quiescent and more differentiated 








1.2 Hematopoietic Stem Cells – A Brief Overview 
Hematopoietic stem cells (HSCs) are the most primitive cells of the 
hematopoietic system, and primarily reside within the bone marrow (55). HSCs can be 
further divided based upon their mitotic activity and cell surface phenotype (Further 
discussed in Chapter 2). The hematopoietic system is maintained by a relatively small 
HSC pool (14).  The HSC hierarchy is a step-wise progression from the mostly 
quiescent, multi-potent HSCs with a high self-renewal capacity, to lineage committed 
progenitors that possess an increased proliferation potential, and eventually the mature 
cells of the hematopoietic system (Figure 1.2). Normal hematopoiesis is essential for 
maintaining the delicate balance between mature immune cells and longevity of an 
organism.  These processes are regulated by environmental cues secreted by the bone 
marrow microenvironment.  Endothelial cells, mesenchymal stromal cells (MSCs), and 
marrow adipose tissue are major constituents of the BM niche. Targeted disruption of 
stromal cells, or alterations that occurs during aging and obesity disrupts steady state 
hematopoiesis (6, 35, 39, 58). Thus, normal hematopoietic function is incumbent on the 










Figure 1.2.  Traditional overview of the hematopoietic hierarchy.  The 
hematopoietic system is maintained by a relatively small pool of multi-potent stem cells 
with a high capacity for self-renewal.  The mostly quiescent hematopoietic stem cells sit 
atop the hematopoietic hierarchy and differentiate into hematopoietic progenitor cells.  
Hematopoietic progenitors possess a limited self-renewal ability, are capable of rapid 
proliferation, and begin commitment to specific lineages within the hematopoietic 
system.  Hematopoietic progenitors differentiate into the mature cells of the myeloid and 
lymphoid lineages.  Steady state hematopoiesis is primarily regulated by the bone 









1.2.1  The Bone Marrow Niche 
Within the bone marrow, HSCs reside in a complex niche that consists of a 
variety of cell types that regulate hematopoiesis including epithelial, mesenchymal 
stromal, adipocytes, and other hematopoietic cells (9). The complex microenvironment 
is designed to balance HSC quiescence and activity, preventing pre-mature exhaustion. 
HSC regulation is balanced through the environmental signals, such as paracrine 
factors (19, 28, 35) (Figure 1.3). Paracrine signals and environmental cues induce self-
renewal, differentiation, or mobilization of HSCs into peripheral circulation (7, 28, 29). 
Furthermore, HSC activity is associated with localization within the bone marrow 
compartment.  Quiescent HSCs are located near arterioles closer to the endosteal 
surface; whilst more active HSCs are located near sinusoids (40). Disruption of the 
bone marrow environment can lead to skewed hematopoiesis and compromised 
immune function.  Host factors including obesity, age, and fitness level influence the 

















Figure 1.3. Overview of the bone marrow microenvironment. The bone marrow 
niche regulates HSC activity through the secretion of paracrine factors from major 
regulatory cells including: endothelial, mesenchymal, adipocytes, and other mature 
hematopoietic cells.  Quiescent HSCs are located closer to the endosteal surface near 
arterioles while more active HSCs are located near sinusoids.  Quiescent HSCs will 
either undergo self-renewal or activation, and move towards sinusoids.  Activated HSCs 
will subsequently move into peripheral circulation via sinusoidal openings or 
proliferate/differentiate into progenitor and subsequently mature hematopoietic cells.  
The processes are regulated by the paracrine factors secreted by the resident cells 
within the bone marrow compartment.  Abbreviations: mesenchymal stromal cell (MSC), 
quiescent hematopoietic stem cell (Q-HSC), activated hematopoietic stem cell (A-HSC), 







1.3  Impact of Lifestyle Factors on the Hematopoietic System 
Host factors modulate the function of the immune system.  For instance, increasing 
age results in a decreased repertoire of immune functioning cells, resulting in an 
immunocompromised state.  Decreased function and quantity of dendritic (1, 36, 37), 
CD4+ and CD8 T-cells (56, 59, 66, 72) are present during advanced age.  The 
disruption of normal immune cell homeostasis has been linked to increased DNA 
damage HSC (70) and an alteration in the bone marrow microenvironment (44).  
Advanced aging represents a host factor that is inevitable for all individuals.  The 
following sections will review the interactions of the hematopoietic system, focusing on 
modifiable life-style factors: obesity and exercise. 
1.3.1 Obesity and Exercise 
 Obesity is an ever-expanding worldwide concern.  Obesity rates have increased 
in countries across the globe (85) and obesity-related disorders are a major economic 
burden (32, 43). Specifically, within the U.S., nearly 60% of the US population is 
classified as overweight/obese (61).  Obesity is associated with a low-grade chronic 
inflammatory state; resulting in an in overly active immune system and increased 
leukocyte production.  Higher level of circulating leukocytes, especially of the myeloid 
lineage have been observed in obese individuals (26, 45, 57, 71). The increased 
number of active immune cells, along with cytokines released from adipose tissue 
creates a pro-inflammatory milieu and positive feedback loop that perpetuates the 
inflammatory state (18, 64).  Long-term alterations to immune cell homeostasis may 
lead to higher rates of infections and complications from vaccine inoculation (31, 73, 
78). Within the bone marrow compartment, obesity propagates detrimental changes to 
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the microenvironment, drives hematopoiesis, and propels HSCs down the myeloid 
lineage (12, 77). While the underlying mechanisms by which obesity induces changes to 
the bone marrow compartment are not fully understood (Further expanded upon in 
Chapter 2), the increased cycling of HSCs in response to the systemic changes that 
occur during obesity risk pre-maturely exhausting the HSC pool.  The complete 
interaction between obesity and hematopoiesis is not completely understood; however, 
the chronic low-grade inflammation associated with DIO remains a contributing in 
hematopoiesis disruption.  
 Obesity, and other diseases associated with chronic inflammation, often shape 
arguments and opinions of “pro-inflammatory/pro-inflammation” in a negative 
connotation, as the persistent-low grade inflammation is associated with systemic 
dysfunction.  However, it is important to note the primary function of inflammatory 
responses are in recognition, response, and regenerative pathways.  In regard to 
exercise, an acute exercise bout represents a physiological challenge.  For instance, 
skeletal muscle undergoes a pro-inflammatory response following a novel exercise 
bout, resulting in the secretion of pro-inflammatory cytokines and influx of leukocytes 
(20, 33).  This initial inflammatory process depends on the novelty and intensity of the 
exercise bout, but typically last 24 hours (4). Resolution of the inflammation is an 
essential component of exercise-induced remodeling and adaptation; therefore, 
representing a key difference between the persistent low-grade inflammation present in 
obesity and inflammation induced by exercise. Typically, after a novel bout of exercise, 
the immune system phenotype switches from pro- to anti-inflammatory, resulting in the 
secretion of anti-inflammatory and pro-angiogenic factors such as interleukin 10 (IL-10) 
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tumor growth factor-β, vascular endothelial growth factor (VEGF), and stromal derived 
factor-1 (SDF-1) (21, 30). These factors promote tissue remodeling, and through 
repeated bouts lead to the subsequent adaptions induced by exercise.  
Over the long-term, exercise training elicits a response that is drastically different 
that obesity. Exercise induces numerous systemic benefits including increased 
cardiovascular function (84), cognitive function (79), bone health (83), immune function 
(34), and skeletal muscle remodeling (54). Exercise training is widely considered anti-
inflammatory; thus an inverse relationship exists between exercise and circulating 
inflammatory markers (47).  The alleviation of inflammation by exercise has been 
observed in a multitude of pro-inflammatory conditions including aging (60, 81), 
metabolic disease (46), and obesity (27, 63).  The benefits of exercise training extend to 
the bone marrow.  Exercise has been observed to increase the quantity of HSPCs 
within the bone marrow without compromising the self-renewal capacity (10, 23, 24).  
Furthermore, exercise-induces beneficial remodeling of the bone marrow 
microenvironment (10) even in obesity and pro-adipogenic conditions (76, 77).  Taken 
together, exercise training elicits responses that differ functionally from obesity and 
highlight exercise training as a potential paradigm to combat systemic deficiencies 
incurred by chronic inflammation. 
1.4 Lifestyle Factors and Cancer 
Epidemiological studies have linked obesity as a major risk factor for the 
incidence of cancer.  Obesity has been observed to increase the risk of gastrointestinal, 
colorectal, endometrial, breast, kidney, prostrate, and bladder cancer (22, 48).  
Furthermore, obesity is associated with a worse treatment prognosis and poorer 
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outcomes following surgery (80).  Of interest to our lab group, obesity increases the risk 
of developing hematological malignancies.  Obesity has been linked to the risk of 
developing non-Hodgkin’s lymphoma, (5) chronic myeloid leukemia (50, 67), acute 
lymphoblastic leukemia (3), and developing secondary cancers following radiation 
therapies (16, 51).  While the underlying mechanisms are not fully understood, 
numerous consensus’ have highlighted weight-reduction as a means to reduce cancer 
risk (69, 80, 85).  Further research is critical into lifestyle factors that reduce cancer risk, 
but also investigations into paradigms enhancing quality of life in the growing cancer 
patients and survivor populations. 
The combination of diet and exercise has been observed to modulate weight 
management (25, 68).  Exercise has been observed to decrease the risk of developing 
breast, colon, and prostate cancer (15, 82); furthermore, regular exercise training has 
been observed to increase the outcomes of treatment, and quality of life of cancer 
patients and survivors in some (13, 42), but not all protocols (17, 74).  It is likely that 
differences in exercise paradigms, and the attempted use of home-based programs with 
low adherence rates contributed to these observations.  Thus, further research is 
necessary utilizing more standardized exercise protocols, characterizing the pathways 
by which exercise reduces cancer risk, and develop appropriate exercise programs.  
However, the majority of previous research highlights exercise as a therapeutic option 
to combat deficiencies induced by obesity and reduce cancer risk.   
1.5  Purpose of Thesis 
The purpose of this thesis was to determine if acute exercise and exercise 
training modified HSPC-niche interactions in models of obesity and cancer. Studies 
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have previously detailed the impact of exercise and diet on HSPCs; however, limited 
data exists detailing how exercise modulates the surrounding bone marrow 
compartment.  To this end; the following chapter evaluates the existing literature 
concerning how exercise and high fat diet/obesity modulates the HSPCs and the 
regulatory bone marrow niche.  The subsequent chapters will further explain recent 
research conducted within our laboratory detailing how exercise modulates the bone 
marrow compartment in an acute setting and two separate models of cancer.  Together, 
these studies provide a better understanding of the role of host factors, such as obesity 
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Chapter 2: Hematopoiesis with Obesity and Exercise: Role of the Bone Marrow 
Niche1 
Abstract 
Hematopoietic stem and progenitor cells (HSPC), the most primitive cells of the 
hematopoietic system responsible for maintaining all mature blood cells, display the 
hallmark characteristics of self-renewal and multi-potent differentiation into mature cell 
lineages.   HSPC activity is directed by the bone marrow niche, a complex environment 
composed of heterogeneous cell populations that regulate HSPC function through the 
secretion of a wide array of cytokines and growth factors. Diet induced obesity results in 
a dramatic remodeling of the bone marrow niche, skewing HSPC function resulting in a 
compromised immune system. Exercise is a viable treatment option for deficits imposed 
by obesity and to combat immune dysfunction; however, the impact of exercise on the 
bone marrow niche is not well defined. This review summarizes the available 
information on how obesity disrupts the normal bone marrow niche and HSPC function. 
In addition, we review the limited data available detailing how exercise may be used to 
combat obesity induced bone marrow dysfunction, and discuss future directions for 
research in this field. 
Keywords: Exercise training, MSC, HSC, diet-induced obesity 
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Physical inactivity and a sedentary lifestyle along with caloric over-consumption 
are major contributors to the global obesity epidemic. The World Health Organization 
estimates that obesity rates have rapidly increased in recent decades, resulting in 39% 
of adults being classified as overweight and 13% as obese in 2014 (181).  The obesity 
epidemic is even more prevalent in more developed countries.  For example, over 36% 
of adults in the United States are obese (109). Obesity is associated with an increased 
risk of health complications including type II diabetes (25, 157), cancer (21, 96, 124), 
and cardiovascular disease (118, 124). In addition, obese individuals are more 
susceptible to infection (94, 112, 141, 154) and have worse disease prognosis (147); 
suggesting impaired immune competence results from obesity. Indeed, obesity is 
characterized by an increased quantity of innate immune cells (42), and decreased 
repertoire of functional adaptive immune cells (57) resulting in decreased immune 
surveillance. Interestingly, these changes to the hematopoietic system mirror the 
phenotype observed with aging suggesting that obesity may be inducing a premature 
aging phenotype. The altered production of mature immune cells in obesity merits 
closer investigation into the precursors of leukocytes: hematopoietic stem and 
progenitor cells (HSPCs).  
  HSPCs are the most primitive cells of the hematopoietic system from which all 
cells in the myeloid, lymphoid, and erythroid lineages are derived.  The bone marrow is 
the primary site of HSPC maintenance and differentiation. Within the bone marrow, the 
“stem-cell niche” or bone marrow niche is characterized as a specialized 
microenvironment that maintain HSCs throughout the lifespan (131). The bone marrow 
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niche tightly regulates HSC function through direct cell to cell contact, sympathetic 
stimulation, and the secretion of autocrine and paracrine factors. Chronic disease 
states, such as obesity and cardiovascular disease, as well as advancing age, 
dramatically remodel the bone marrow microenvironment and corresponding milieu 
resulting in altered HPSC function (34, 35, 110, 136, 169). The increasing number of 
individuals becoming obese and entering advanced age necessitates further 
investigations into interventions aimed at attenuating or mitigating detrimental changes 
to the hematopoietic system.  
Exercise bestows numerous benefits that extend the quality and quantity of life in 
both healthy and diseased individuals.  For instance, exercise has been demonstrated 
to reduce the accumulation of body fat (158), mitigate low-grade chronic inflammation 
(161), improve cognitive function in healthy (10, 28) and diseased individuals (62, 72), 
and increase bone density (107).  While the complete pleiotropic impacts of physical 
activity and exercise in healthy and diseased populations are still being determined, it 
nevertheless remains a low cost, easily implementable, and effective method for 
attenuating deficits resulting from disease states such as obesity.  Although exercise 
does appear to be a promising therapy, a paucity of data exists examining the impact of 
exercise on HSPCs and the bone marrow niche. Thus, the purpose of this review will be 
to unravel how the combination of obesity and exercise impact the hematopoietic 
system via modulation of the HSPC niche. The following sections will define HSPCs and 
their regulation by the bone marrow niche, the impact of obesity and exercise on 
HSPCs and the bone marrow niche, and describe possible mechanisms responsible for 
altered hematopoietic function. 
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2.1.1 Defining HSPCs 
HSPCs are the pluripotent precursors to all mature cells of the hematopoietic 
system. HSPCs constitute a small fraction, <0.001%, of the total bone marrow cell 
population, and yet maintain the entirety of the hematopoietic system by undergoing 
self-renewal divisions to maintain the more primitive populations and differentiation to 
lineage committed cells (15). HSPC migration, proliferation and fate decisions are 
regulated by autocrine and paracrine factors from within the bone marrow, as well as 
systemic cues. Indeed, HSPC mobilization and function is affected by circadian rhythms 
(91), acute infection (71), psychological stress (125), ischemia (129), tissue damage 
(114), and energy status (30, 88). The hematopoietic system turns over between 1011 – 
1012 cells daily. To maintain this constant demand throughout the lifespan, a portion of 
HSPCs remain quiescent for protection against DNA damage or premature exhaustion 
while more differentiated progenitors maintain mature lineages (69, 100, 146).  
 Characterization of distinct HSPC populations remains difficult due to a lack of 
specific known markers.  Additionally, difficulty in obtaining HSPC samples from 
humans has led to most functional research being conducted in murine models. While 
the murine model is efficient for modeling HSPCs and the bone marrow niche, special 
considerations must always remain due to differences between species. Indeed, human 
and murine HSPCs exhibit different cell surface phenotypes. Within mice, the broad 
HSPC pool is identified by the expression of surface antigens cKit and Sca-1 while 
lacking the expression of committed lineage markers (LSK) (48). The identification of 
the SLAM family allowed for phenotypic characterization of HSPC sub-populations that 
related to reconstitution ability in serial transplant assays (77). Similar HSPC 
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populations have been determined in humans based upon the expression of CD34 (33, 
153) and CD38 (152). Traditionally, HSPCs have been divided into different sub-
populations of long-term hematopoietic stem cells (LT-HSC,), short-term hematopoietic 
stem cells (ST-HSC), and multi-potent progenitors (MPP) before terminally committing 
to myeloid and lymphoid lineages (63, 83) (Figure 2.1). Functionally, the self-renewal 
capacity is highest among the primitive LT-HSCs while the proliferative capacity is 
highest among the more differentiated multi-potent progenitors.  
Currently, technical challenges make determination of self-renewal and 
proliferative capacity of HSCs difficult.  The “gold standard” for measuring HSPC 
functionality relies on the serial transplant assay, whereby bone marrow cells are 
serially transplanted into lethally irritated mice to determine reconstitution potential 
(122).  This is a time-consuming assay that lasts at least 8 months.  Additionally, 
transplantation into lethally irradiated recipients may not be directly related to HSPC 
functionality in steady state conditions. Similarly, due to the lack of single, specific 
markers for tracing HSPC subpopulations, HSPC proliferation and the relative 
contribution of each subpopulation to steady state hematopoiesis remains challenging.  
Recent techniques permitting HSPC lineage tracing via “barcoding” (146), and the 
development of artificial 3-dimensional bone marrow niches for the evaluation of HSPC 
self-renewal and differentiation in vitro over a much shorter timespan (31) will allow for 




Figure 2.1. Traditional view of hematopoietic stem and progenitor cell (HSPC) 
hierarchy. HSPCs (left) have the capacity to self-renewal to maintain primitive cell 
populations or differentiate into mature hematopoietic cells. The lineage- SCA1+ cKit+ 
(LSK) phenotypic markers are used to identify the whole stem cell pool within mice.  
Additional phenotypic markers are outlined that identify distinct HSPC subpopulations in 
humans and mice. Abbreviations: Long-Term (LT), Short-Term (ST), Hematopoietic 
Stem Cell (HSC), Multi-Potent Progenitor (MPP), Common Myeloid Progenitor (CMP), 
(Granulocyte/Macrophage Progenitor), Ertythroid (Er), MegaKaryocyte (MK), Mo 







2.2 Obesity, Exercise, and HSPCs 
The process of hematopoiesis produces all blood and immune cells and occurs 
within the bone marrow and, under certain conditions, in peripheral tissue 
compartments such as the spleen throughout the lifespan (8, 166). Diseases associated 
with chronic inflammation, including obesity, cancer, heart disease, and other chronic 
inflammatory conditions, such as the late effects of cancer therapy, have all been linked 
to alterations in immune function (108, 120, 164).  Moderate intensity exercise has been 
shown to be a powerful mediator of immune function (180). Acute exercise increases 
the quantity of circulating monocytes and induces an acute inflammatory response that 
is dependent on exercise intensity (105, 113).  Exercise training increase erythrocyte 
content within peripheral circulation (61), is generally thought to be anti-inflammatory, 
and enhances tissue regeneration (116, 160).  However, the effect of obesity and 
exercise on hematopoiesis itself remains less well-characterized.  
2.2.1 Obesity and HSPCs 
Obesity is well documented to increase the quantity of circulating white blood 
cells in humans (46, 103, 119, 167) and mice (149). Within the bone marrow, diet-
induced obesity (DIO) causes an expansion in bone marrow cellularity and mature 
immune cells (22, 35, 155). This expansion is likely due to the activation and increased 
cycling of HSPCs. Mice fed a 60% high fat diet (HFD) for 12 weeks experienced an 
increase in the number of HSPCs and monocyte progenitors (135). This differentiation 
bias towards myelopoeisis was also observed in a serial transplantation assay (135). 
Similarly, a shift towards increase myeloid cells and reduction in lymphoid cells was 
observed in mice after 6 weeks of consuming a 60% HFD (2). On the other hand, mice 
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fed a 45% HFD for 18 weeks experienced a decrease in the most primitive HSPCs and 
increase in MPPs (14). Additionally, serially transplanted HSPCs displayed a reduced 
capacity for hematopoietic reconstitution (14). While differences in fat content of the 
diets used (45% vs 60%) may influence the degree of phenotypic response, the 
available data suggests DIO stimulates hematopoiesis with a bias towards 
myelopoiesis, and cycling of HSPCs with exhaustion of the most primitive population. 
Indeed, DIO appears to stress the HSPC populations risking premature exhaustion and 
is similar to the phenotype observed in aging. 
2.2.2 Acute Exercise and HSPCs 
Currently, only a few studies have examined the effects of acute exercise on 
hematopoiesis. Acute aerobic exercise stimulates HSPCs in the bone marrow as 
evidenced by an increase in cycling HSPCs and colony forming-unit (CFU) capacity (50, 
90, 97). Mooren and Kruger observed an increase in progenitor cells 24 hours following 
a novel bout of treadmill exercise 24 hours in while exercise trained mice experienced 
no change in HSPCs (97). Together, these data suggest that an acute bout of exercise 
is a potent physiological stressor, which induces proliferation of the HSPC populations. 
The effects of acute exercise on hematopoiesis in humans is lacking due to the difficulty 
of sampling bone marrow tissue. Nevertheless, Wu and colleagues did examine the 
amount of hematopoietic cells from bone marrow aspirates after an acute bout of 
exercise in bone marrow donors (171). The authors found that following exercise, while 
the volume of bone marrow aspirate, number of collections required, and collection pain 
were improved in the exercise group, no differences were seen in the relative proportion 
of CD34+ cells (171). However, the total quantity of HSPCs was not evaluated, and 
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more specific markers of HSPCs were not used.  Additionally, Wu and colleagues 
collected bone marrow aspirate 15 minutes after the exercise bout, rather than previous 
rodent studies that have analyzed bone marrow 24-48 hours after exercise.  Together, 
these data suggest that an acute bout of exercise is sufficient to stimulate proliferation 
of HSPCs; however, it may take 24-48 hours for changes in HSPC content to be 
detected.  
 A larger body of human data exists detailing the mobilization of HSPCs into 
circulation following acute exercise (39, 49). While the majority of these studies suggest 
that exercise increases HSPC mobilization in humans, a couple of recent studies have 
shown that colony forming capacity is decreased in the peripheral blood following acute 
exercise suggesting decreased function. Kroepfl et al (78) showed that HSPCs collected 
10 minutes post exercise had a decreased functional capacity, and confirmed these 
results in a later study investigating the relationship between HSPCs and exercise-
induced norepinephrine increase (78). It is possible that during or after acute exercise, 
more differentiated HSPCs are recruited to peripheral tissues, such as muscle, to 
participate in tissue repair (114). The mechanisms responsible for acute exercise-
induced HSPC mobilization remain to be elucidated. Acute exercise results in an acute 
inflammatory response that may contribute to the mobilization of HSPCs from the bone 
marrow. G-CSF and IL-6 have been observed to increase following acute exercise and 
may influence HSPC mobilization (17, 148, 163, 173). However, no correlations 
between mobilized HSPC content and cytokines concentrations have been determined 
following acute exercise (17). This suggests that circulating cytokines may not be the 
primary signal inducing HSPC mobilization from the bone marrow in response to 
31 
 
exercise.  Our lab recently observed an increase in G-CSF, SCF, IL-3 and 
thrombopoeitin from bone marrow stromal cells after an acute exercise bout in mice that 
may contribute to shuttling HSPCs into peripheral circulation (50). Furthermore, 
vascular endothelial growth factor-a (VEGF-a) has been observed to be elevated 
following exercise in circulation (17) and skeletal muscle (50), suggesting that tissue 
damage or ischemia may play a role in homing HSPCs to peripheral tissues. Taken 
together, these data suggest that tissue damage or local factors within the bone marrow 
are primarily responsible for mobilizing HSPCs following acute exercise. 
2.2.3 Exercise Training and HSPCs 
  Similar to acute exercise, little data exists examining the effects of prolonged 
exercise training on hematopoiesis. Chronic exercise training increases blood volume, 
red cell volume, blood hemoglobin content, and immune function. Additionally, some 
studies have shown that exercise trained individuals have increased amounts of HSPCs 
at rest in both the bone marrow and peripheral blood (8, 17, 38). Baker and colleagues 
investigated HSPC content using CFU assays following chronic exercise training and 
found that increased hematopoiesis was apparent in both the peripheral blood and the 
bone marrow (8). These data were confirmed and extended by De Lisio and colleagues 
who demonstrated that progressive treadmill exercise training increase HSPC content 
collected from the central bone marrow cavity (or “vascular niche”) but not the quantity 
of HSPCs associated with the inner lining of the bones (the “endosteal niche”) (38). 
Importantly, no difference in the repopulating ability of HSPCs was detected between 
exercise trained and sedentary mice in a bone marrow transplantation assay (38), 
suggesting that benefits to HSPCs from exercise training may be due to cell-extrinsic 
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factors, possibly due to alterations in the bone marrow niche. In summary, both acute 
and chronic exercise seem to stimulate hematopoiesis. More research is needed to fully 
characterize the effects of exercise on hematopoiesis, as well as to delineate the 
potential mechanisms responsible for these effects. Additionally, future research is 
necessary to determine if exercise can offset phenotypic skewing within HSPC 
populations that occurs in chronic diseased states such as obesity and aging.  
2.3 The Bone Marrow Niche  
The concept of a niche, or distinct microenvironment specialized to support the 
maintenance and differentiation of HSPCs during steady-state or stress hematopoiesis, 
was first introduced by Schofield in 1978 (131).  Since then, important discoveries by a 
variety of groups have increased our understanding of the cell-types and molecular 
signals comprising the HSPC niche within the bone marrow.  Several excellent reviews 
have been recently published outlining the cellular and molecular components of the 
HSPC niche, and the reader is directed to these reviews for a more comprehensive 
overview of the niche (4, 16, 58).  The bone marrow is comprised of multiple, distinct 
niches that regulate HSPC function and are continuously being redefined with the 
advent of more precise visualization and identification techniques.  Previous data 
indicated two main stem cell niches within the bone marrow: the endosteal and 
perivascular niches (77, 137, 172).  The endosteal niche was viewed as a site for 
quiescent HSPCs due to increased homing following transplantation experiments and 
because osteoblasts were shown to secrete growth factors that regulate HSPC 
quiescence (5, 142, 172, 178). However, repeated experiments finding low associations 
of HSPCs contacting osteoblasts and conditional depletion of mature osteoblasts not 
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effecting HSPC quantity have questioned the essential role of the endosteal niche under 
homoestatic conditions (further reviewed in (98)). 
The conditional deletion of stem cell factor (SCF) from endothelial cells which 
decreased HSPC quantity and the frequent association of HSPCs with blood vessels 
and sinusoids within the bone marrow shifted the focus to the perivascular niche (77, 
142). Furthermore, subsequent reports emphasized perivascular and endothelial cells 
as the primary site for modulating HSPC quiescence via CXCL12, SCF, and notch 
ligands (20, 45, 67, 142).  Recently, several studies further refined the perivascular 
niches and observed quiescent HSPC are localized closely to arterioles while more 
active HSPCs are located near sinusoidal openings (66, 79).  The hypoxic nature of the 
arteriole niche, due to low perfusion (165) and increased vascular wall integrity of 
arterioles, results in decreased generation of reactive oxygen species (ROS) within 
HSPCs (66).  Furthermore, the hypoxic nature also implicates hypoxic inducible factor-1 
(HIF-1) in maintaining HSPC quiescence as increased oxygen content increases stem 
cell proliferation and mitotic activity (51). Indeed, HIF-1 expression which is upregulated 
in ischemic tissues partially regulates CXCL12 expression in these tissues, and may be 
involved in drawing progenitor cells into peripheral tissues (24). Hypoxic culture 
maintains HSPC reconstitution potential in vitro (68), and conditional deletion of HIF-1α 
within HSPCs results in decreased ability to fully regenerate the hematopoietic system 
in serial transplant assays (150). The most primitive HSPCs are maintained near the 
endosteum where HIF-1 expression is the highest (82) whilst its expression is lower the 
central marrow cavity (77).  While this lends credence to the hypothesis that HIF-1 may 
be leading to increased HSPC retention within the bone marrow, Levesque et al 
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observed an increase in HIF-1α and VEGF-a within bone marrow lysates following G-
CSF mediate mobilization of HSPCs (82).  Given they used whole bone marrow lysates, 
it is impossible to determine which specific cell population was responsible for increased 
HIF-1, and whether HIF-1 directly resulted in HSPC mobilization, or if it worked 
indirectly via increasing VEGF-a which is a potent mobiliser of HSPCs (82). Overall, 
these data demonstrate that increased HIF-1 is necessary for long term maintenance of 
HSPCs in vivo and in vitro, however, the role in mobilization still needs further 
delineation. Conversely, HSPCs located near “leaky” sinusoids have an increased 
production of ROS, are actively cycling, and are readily able to enter peripheral 
circulation in response to signals from circulation (66).  Likewise, HSPCs have been 
observed to localize near megakayrocytes (19, 179) while erythropoiesis occur in 
erthroblastic islands (80, 123).   
In addition, a variety of stromal cell populations have been identified using 
genetic labeling approaches that express either leptin (44, 45) Prx1 (55) nestin (64, 92), 
platelet derive growth factor-α (117) or CXCL12 (111, 143).  All of these cell populations 
are enriched to varying degrees for osteogenic and adipogenic differentiation capacity 
and contain fibroblast colony forming cells suggesting they consist of mesenchymal 
stromal cells (MSCs), and that these populations overlap to some yet unknown extent.  
These MSC populations have all been shown to directly associate with HSPCs and to 
secrete paracrine factors that regulate HSPC cell fate decisions (16, 58).  Thus, through 
their capacity to signal directly to HSPCs, or to form mature cellular components of the 
HSPC niche such as osteoblasts and adipocytes via their differentiation, MSCs are an 
important, heterogeneous cellular component of the HSPC niche. Taken together the 
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localization of HSPCs impacts their functional status, and disruption of niche 
homeostasis can disrupt normal hematopoiesis. 
2.3.1 Obesity and Exercise Induced Remodeling of the HSPC Niche 
The architecture of the bone marrow influences HSPC activity as the bone 
marrow niche tightly regulates HSPCs in a dynamic balance between quiescence, self-
renewal, and differentiation. MSCs, and their progeny, are particularly important 
modulators of HSPC function.  MSCs contribute to bone turnover by differentiating into 
osteoblasts and remodel the central marrow cavity through adipogenic differentiation in 
addition to secreting growth factors to support HSPC maintenance (55, 111).  Recent 
evidence suggests a reciprocal relationship between osteogenic and adipogenic 
differentiation of MSCs.  In mice, diet induced obesity (DIO) disrupts the bone marrow 
compartment, skewing MSC differentiation towards adipogenic lineages resulting in 
increased marrow adipose tissue (MAT). This reciprocal relationship is also supported 
by the accumulation of MAT in both obese humans and mice. In humans, increased 
MAT is negatively correlated with a decrease in bone density (168), bone mineral 
density, and bone formation (134).  In mice, 8 weeks of 45% HFD induction led to an 
increase in marrow adipose tissue (MAT) and decrease in trabecular bone density (35). 
Similar results were observed in mice fed similar HFD for 6 (2, 139, 140), 12 (47), 18 
weeks (176), or 6 months; however, not all studies have observed a concurrent 
decrease in bone density (47, 139, 140).  The differential response of bone mineral 
density is likely due to different study designs as Styner and colleagues used a 45% 
HFD for 6 weeks in female mice (139, 140) compared to a 60% HFD for 6 weeks in 8-
week-old male mice (47). Thus, the relative proportion of fat in the diet may impact 
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observed results in bone marrow remodeling. MAT accumulation negatively impacts the 
bone marrow compartment as adipocytes will physically occupy red marrow space and 
MAT potently secretes adipokines, pro-inflammatory cytokines, such as IL-6, and TNF-
α, as well as free-fatty acids, affecting cells throughout the bone marrow including 
HSPCs (56). Indeed, MAT is a negative regulator of hematopoiesis as the quantity and 
repopulating capacity of HSPCs collected from areas of high MAT was decreased 
compared to HSPCs collected from areas of low MAT (104). The skewed MSC 
differentiation towards the adipogenic lineage, and increased MAT in obese mice and 
humans mirror changes to the bone marrow compartment observed with aging (101), 
suggesting that obesity causes a premature aging phenotype in the bone marrow 
compartment.  
The effect of exercise on bone marrow niche is less well investigated.  Forced 
treadmill exercise training was demonstrated to remodel the bone marrow by 
decreasing MAT, and possibly priming MSC towards the osteogenic lineage (8, 159).  
Mice exercised via wheel running also experience a decrease in bone marrow adiposity 
even in the presence of a high fat diet (140) or in the presence of PPARγ agonist (139), 
emphasizing that both forced (8, 36, 159) and voluntary (139, 140) exercise attenuate 
the accumulation of MAT within the bone marrow.  Furthermore, chronic exercise 
improves the bone architecture via increased mineral density in combination with 
decreasing MAT (133, 140), supporting the hypothesis that exercise directs MSCs down 
osteogenic lineages and a more healthy bone marrow environment (104). Interestingly, 
exercise training donor mice prior to bone marrow transplant (BMT) did not impact 
homing, engraftment, or reconstitution in recipient mice (38), suggesting that 
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“preconditioning” HSPCs within donors does not have a large impact on the 
hematopoiesis upon transplantation.  However, HSPC transplant into exercise trained 
recipient mice resulted in increased reconstitution without affecting homing (36).  De 
Lisio and colleagues also demonstrated decreased MAT accumulation, and decreased 
apoptosis within the bone marrow after recipients were preconditioned with exercise 
with no enhanced preservation of CD45+ hematopoietic cells suggesting enhanced 
survival of non-hematopoietic cells in the bone marrow with exercise were contributing 
to enhanced reconstitution (36). The decreased apoptosis following BMT observed by 
De Lisio and colleagues, could be due to an increased production of antioxidant 
enzymes in the marrow in response to exercise (40). These data suggest that the 
effects of exercise on HSPCs are likely cell non-autonomous versus cell-autonomous.   
2.4 Potential Mechanisms Regulating Bone Marrow Remodeling in Obesity and 
Exercise 
 The effects of obesity and exercise on the bone marrow microenvironment are 
likely not due to one specific mechanism, but rather a multitude of changes to systemic 
and bone marrow environments with the respective conditions. Several signaling 
pathways have been implicated in the reciprocal differentiation of MSCs towards 
osteogenic or adipogenic lineages that may contribute towards age and chronic disease 
related deficits to bone density (12, 13, 26, 59, 99, 138, 174).  Cytokines secreted by 
the bone marrow stroma including transforming growth factor β (TGF-β), bone 
morphogenetic proteins (BMPs), insulin-like growth factor (IGF), and fibroblast growth 
factors activate transcription factors Runx2 and Osterix, increasing osteogenic 
differentiation (81, 95, 102, 177).  On the other hand, adipogenic differentiation is 
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supported by the transcription factors CCAT/enhancer binding protein alpha (C/EBPα) 
and PPARᵧ (32, 75). The following sections will discuss the research available 
pertaining to how exercise and obesity impact the bone marrow architecture. 
2.4.1 Pro-inflammatory Cytokines 
 Obesity is characterized by systemic low-grade inflammation, and an increase in 
the circulating levels of leptin (52), IL-1β (130), Tumor Necrosis Factor α (TNFα) (56, 
151), IL-6 (9, 56), and monocyte chemoattractant protein-1 (MCP-1) (73), all of which 
may have implications on bone marrow homeostasis. TNFα has been previously been 
demonstrated to inhibit osteoblastic differentiation of MC3T3-E1 pre-osteoblastic and 
fetal calvaria precursor cells (53). Additionally, TNFα has been observed to activate NF-
kβ which prevents osteogenic differentiation via the subsequent inhibition of Runx2 and 
Osterix (74, 86, 87). Furthermore, TNFα-/- mice displayed increased femoral bone 
density and decreased MAT following an 18 week 60% HFD.  Together, these data 
suggest an integral role for TNFα signaling and pre-osteoblast cell differentiation. IL-1β 
and MCP-1 have also been demonstrated to reduce the osteoblastic differentiation 
potential of MSCs and decrease bone density (144, 145).  These data support the 
potential role of inflammatory cytokines on skewing MSC differentiation from osteogenic 
towards adipogenic lineages. IL-6 and TNFα have also been implicated to increase 
osteoclastgenesis, increasing bone breakdown and inhibiting osteoblastgenesis (1, 170, 
175). Within the bone marrow, HFD increases the expression of pro-inflammatory 
cytokines TNFα, IL-1β, and IL-6 in whole mouse bone marrow isolates (14, 56) and 
isolated rat MSCs (35). Overall, the available data suggests that both systemic and 
bone marrow specific elevations in inflammatory cytokines results from obesity. Given 
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the role inflammatory cytokines have in directing MSC differentiation, it is likely these 
cytokines are contributing to the increases in MAT and subsequent bone marrow niche 
remodeling observed with obesity.   
 Chronic exercise training is generally considered anti-inflammatory. Exercise 
training has been shown to decrease the expression of TNFα, IL-1β while increasing the 
expression of anti-inflammatory cytokine IL-10 in obese rats and mice (18, 54, 85). 
Additionally, exercise stimulates the release of IL-10 and IL-1Ra, which have been 
observed to decrease IL-1β and TNFα production (3, 120). Currently, there is limited 
research available investigating the role of inflammatory cytokines in response to 
exercise and obesity in the bone marrow. We have previously observed an acute bout 
exercise alters the secretome of bone marrow stromal cells (50). Other disease models, 
such as osteoporosis in rats, have observed an increase in bone mineral density 
following exercise via wheel running (84). Exercised OVX rats also had decreased 
levels of IL-1β and IL-6 within bone marrow cells compared to sedentary rats (84). 
These data support the notion that exercise training may mitigate disease associated 
decreases in osteoblastogensis, bone mineral density, and the increase in pro-
inflammatory cytokines.  However, further research is necessary to define the 
relationship between exercise and inflammatory cytokine mediated remolding of the 
bone marrow architecture, and its role in hematopoiesis.  Additionally, studies 
specifically characterizing changes to the MSC secretome following exercise training in 





2.4.2 Oxidative Stress and Reactive Oxygen Species (ROS) 
 Reactive oxygen species (ROS) are formed during cellular respiration and are 
mainly produced by the mitochondria. Physiological levels of ROS play a key role in 
regulating stem cell fate decisions.  Obesity has been associated with increased 
oxidative stress and the generation of ROS (60).  MSC are particularly sensitive to the 
presence of supra-physiological levels of ROS as seen in chronic inflammation and 
diseased states (further reviewed in (6)). Several studies have indicated that increased 
presence of ROS inhibits markers of osteogenic differentiation, increases DNA damage, 
and spurs adipocyte differentiation of MSCs in vitro (7, 121, 132).  Indeed, the increased 
presence of ROS has been observed to shift MSC differentiation towards adipogenic 
lineages in advanced aging (70, 76).  In addition to their effects on MSCs which likely 
have indirect effects on hematopoiesis, ROS have also been shown to directly influence 
HSPC function.  Increasing endogenous ROS production in HSPCs by TNF-α exposure 
decreased the reconstitution ability in serial transplant assays that was recovered by 
blocking ROS production (65).  Whole body radiation in vivo has been shown to have 
negative long-term effects on primitive HSCs by decreasing their content and colony 
forming capacity in vitro (27).  These effects may be due to increased HSPC 
senescence (93) induced by persistent oxidative stress (162).  Together, ROS may 
negatively impact hematopoiesis indirectly by promoting MSC adipogenic differentiation, 
or directly by inducing HSC senescence and prolonged oxidative stress. 
 Few studies exist characterizing the impact of exercise and the generation of 
ROS within the bone marrow. De Lisio and colleagues observed exercise training 
reduced DNA damage and apoptosis signaling within the bone marrow of mice exposed 
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to an acute challenge radiation exposure (40). These results suggest that exercise 
training confers protection within the bone marrow to the exogenous generation of ROS.  
These results are further supported by increased protection of circulating lymphocytes 
to irradiation from exercise trained individuals (156) and skeletal muscle of exercise 
trained mice (37). While it is tempting to speculate that exercise training may stimulate 
the production of anti-oxidant enzymes within the bone marrow similar to that seen in 
skeletal muscle (37), no data are available to confirm this hypothesis.  However, the 
reduction of DNA damage within the bone marrow of exercise trained mice following 
irradiation does support this hypothesis and may contribute to exercise induced MSC 
biasing towards osteoblast lineages.  Further research will be needed to fully 
characterize this response. 
2.4.3 Other Potential Factors 
Exercise and obesity may also influence cell-intrinsic mechanisms regulating 
MSC differentiation. PPARᵧ signaling promotes MSCs differentiation down the 
adipogenic lineage at the cost of osteogenic lineage.  Mechanical strain induced by 
exercise has been observed to decrease PPARᵧ expression in MSCs, favoring 
osteogenesis over adipogenesis in vivo (89) and in vitro (23, 29, 127, 133).  PPARᵧ 
expression is activated by long-chain fatty acids (126), suggesting that hyperlipidemia 
induced by high fat diet stimulates MSCs adipogenesis.  Interestingly, these signals 
seem to be overridden by exercise in the presence of a PPARᵧ agonist (139).  Metabolic 
stress has been linked to changes within the bone marrow stromal tissues.  Bone 
marrow stromal cells incubated in the serum of overweight individuals promoted 
adipogenic differentiation over osteoblastic differentiation (43). While the underlying 
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mechanism remain undetermined, this does suggest that unknown circulating factors 
may be influencing MSC fate determination within the bone marrow MSCs.  
Overall, obesity and exercise seem to elicit functionally opposite results within 
the bone marrow (Figure 2.2).  Obesity skews MSCs towards adipocyte lineages, 
increases the accumulation of MAT, and creates a more pro-inflammatory phenotype 
similar to aging. These changes in the niche are associated with altered HSC 
differentiation that favors increased myeloid biased progenitors, increased HSPC 
cycling, and mobilization leading to exhaustion of primitive HSPC populations (11, 106, 
135, 155). Exercise and physical activity decrease the accumulation of MAT even in the 
pro-adipogenic conditions, suggesting that exercise may be a potent therapy to combat 
obesity induced changed to the bone marrow environment.  However, further 
investigations are needed to fully delineate the multi-faceted responses of exercise in 
the context of the bone marrow stroma.  Only a few studies have elucidated the impact 
of exercise on the HSPC populations (36, 38), none exist characterizing the impact on 











Figure 2.2. Factors influencing mesenchymal stromal cell differentiation (MSC). 
Systemic and bone marrow specific factors influence the differentiation of MSCs down 
adipogenic or osteogenic lineages.  Obesity is associated with an increase in bone 
marrow adiposity likely due to increases of these factors.  Exercise decreases marrow 
adipose tissue and increase bone marrow density, indicating that MSCs may be 
stimulated down an osteogenic lineage by decreasing reactive oxygen species and 
inflammatory cytokines while increasing mechanical strain within the bone marrow.  
Abbreviations: Mesenchymal stromal cell (MSC), Reactive oxygen species (ROS), and 








2.5 Conclusion and Future Directions 
 Obesity has a direct impact on the fate of hematopoietic system (135), 
distressing normal immunological function (112) and phenotype (103). This dysfunction 
extends to HSPCs resulting in expansion of the less primitive progenitor cell pool, at the 
cost of self-renewal leading to premature exhaustion.  The altered phenotype and 
function of HSPCs is likely due to modulations within the bone marrow niche.  HSPC 
function is carefully regulated by niche localization, and disruption of cellular 
constituents can disrupt HSPC homeostasis.  Although evidence does suggest that 
bone marrow niche disruption contributes to altered HSPC function in obesity, the 
systemic disruptions including elevated levels of pro-inflammatory cytokines associated 
with obesity, negates the ability to definitively characterize the primary suspect in 
altered HSPC function. 
 Chronic exercise directly combats the systemic effects of obesity by improving 
body composition (41), improving immune function (115), and decreasing chronic low 
grade inflammation (128).  The pleiotropic responses of exercise extend to the bone 
marrow, inducing beneficial bone marrow remodeling and expanding the HSPC pool 
without compromising self-renewal.  Although these preliminary data are promising, 
many questions remain unanswered pertaining to the mechanisms responsible for the 
effects of exercise on the bone marrow compartment and HSPC function.  An in-depth 
analysis determining the extent to which exercise expands the whole HSPC pool or 
specific sub-populations still does not exist.  In addition, although exercise has been 
identified to decrease overall bone marrow adiposity and alter the inflammatory status of 
the bone marrow; alterations in the individual cell populations making up distinct niches 
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within the bone marrow still needs to be characterized.  Furthermore, defining the 
molecular pathways by which exercise influences HSCPs, MSCs, and the bone marrow 
niche may highlight potential therapeutic pathways to combat obesity and other 
hematological malignancies.  Overall, the effects of exercise on the hematopoietic 
system need further characterization; however, exercise still remains a viable and 
feasible method of combatting obesity induced changes to the hematopoietic system. 
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Chapter 3: Acute Exercise Mobilizes Hematopoietic Stem and Progenitor Cells  
and Alters the Mesenchymal Stromal Cell Secretome2 
Abstract 
 Transplantation of hematopoietic stem and progenitor cells (HSPC), collected 
from peripheral blood, is the primary treatment for many hematological malignancies; 
however, variable collection efficacy with current protocols merits further examination 
into factors responsible for HSPC mobilization.  HSPCs primarily reside within the bone 
marrow and are regulated by mesenchymal stromal cells (MSC). Exercise potently and 
transiently mobilizes HSPCs from the bone marrow into peripheral circulation.  Thus, 
the purpose of the present study was to evaluate potential factors in the bone marrow 
responsible for HSPC mobilization, investigate potential sites of HSPC homing, and 
assess changes in bone marrow cell populations following exercise.  An acute exercise 
bout increased circulating HSPCs at 15 minutes (88%, P<0.001) that returned to 
baseline at 60 minutes. Gene expression for HSPC homing factors (CXCL12, vascular 
endothelial growth factor-a, and angiopoietin-1) were increased at 15 minutes in skeletal 
muscle and HSPC content was increased in the spleen 48 hours post-exercise (45%, 
p<0.01). Acute exercise did not alter HSPCs or MSCs quantity in the bone marrow; 
however, proliferation of HSPCs (40%, p<0.001), multi-potent progenitors (40%, 
p<0.001), short-term hematopoietic stem cells (61%, p<0.001), long-term hematopoietic 
stem cells (55%, p=0.002) and MSCs (20%, p=0.01) increased post-exercise. Acute 
exercise increased the content of the mobilization agent granulocyte-colony stimulating 
                                                          
2 Reprinted with permission from the Journal of Applied Physiology. Emmons R, Niemiro 
GM, Owolabi O, De Lisio M. Acute exercise mobilizes hematopoietic stem and 
progenitor cells and alters the mesenchymal stromal cell secretome. Journal of Applied 
Physiology 120: 624–632, 2016. 
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factor, as well as stem cell factor, interleukin-3, and thrombopoeitin in conditioned 
media collected from bone marrow stromal cells 15 minutes post-exercise. These 
findings suggest that the MSC secretome is responsible for HSPC mobilization and 
proliferation; concurrently, HSPCs are homing to extra-medullary sites following 
exercise. 





















Hematopoietic stem and progenitor cells (HSPCs) are a rare population of stem 
cells that are responsible for the maintenance and regeneration of the hematopoietic 
system across the life span (30). Their capacity for regeneration allows for their 
transplantation into patients to enhance hematopoietic recovery following myeloablative 
treatment regimens targeting certain cancers (4). HSPCs used for transplantation are 
obtained from the bone marrow, peripheral blood, or umbilical cord; however, additional 
focus has been placed into HSPC collection from peripheral blood due to decreased 
invasiveness of procedure for obtaining circulating HSPCs (35), and increased 
engraftment when compared to HSPCs obtained from bone marrow (41). Effective 
HSPC collection from peripheral blood relies on the use of pharmacological agents 
including granulocyte-colony stimulating factor (G-CSF) (15) and AMD3100 (37) to 
mobilize HSPCs and to enhance HSPCs concentration in peripheral blood. However, 
limitations to pharmacological approaches ranging from long dosing protocols to rare, 
but negative drug side effects such as adult respiratory distress syndrome and 
pyoderma (19). Additionally, not all patients respond sufficiently to mobilizing agents 
and require multiple round of mobilization therapy (2). Thus, further investigations into 
alternative or complementary interventions to current pharmacological treatments are 
necessary.  
Exercise has been previously shown to mobilize HSPCs into peripheral blood. 
Intense bouts of acute exercise have been observed to transiently increase the content 
of HSPCs in peripheral blood in humans (24, 28). The exercise-induced increase in 
HSPC content is similar in magnitude to that induced by G-CSF stimulated 
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pharmacological intervention (7, 17, 28, 29). The primary limitation to the widespread 
adoption of exercise as an adjuvant therapy to pharmacological mobilization is the 
transient nature of the increase in HSPC quantity (17). It is most likely HSPCs are 
homing to sites of inflammation to contribute to repair/remodeling following exercise or 
migrating to other extramedullary sites. Developing a better understanding of the 
mechanisms responsible for HPSC mobilization into, and removal from peripheral blood 
in response to exercise may allow for the identification of key factors that can be 
targeted to increase the duration that HSPCs remain in circulation following exercise. To 
elucidate the mechanisms responsible for exercise induced HSPC mobilization, Morici 
and colleagues sought to evaluate changes in stem cell factor (SCF), GCSF, and 
CXCL12 in plasma following an acute exercise bout. Although they observed an 
increase in mobilized HSPCs resulting from exercise, no changes were detected in 
HSPC mobilization or growth factors following exercise (29). This suggests that further 
investigations should be directed towards the primary sites where HSPCs reside, as 
local paracrine factors released in the bone marrow are likely responsible for 
mobilization and are not detected once HSPCs enter peripheral circulation.  
 HSPCs primarily reside within the bone marrow and are tightly regulated by their 
local microenvironment or niche (38). As such, evaluating factors within the HSPC niche 
in the bone marrow may provide more precise clues as to their regulation in response to 
exercise. In mice, HSPCs content is enriched in the population of cells within the cell 
surface characteristics of Lineage- Sca-1+ c-Kit+ (LSK) (14). The LSK population can be 
further enriched for long-term hematopoietic stem cells (LT-HSC: LSK-CD48-CD150+), 
short-term hematopoietic stem cells (ST-HSC: LSK-CD48-CD150-), and multi-potent 
67 
 
progenitor cells (MPP: LSK-CD48+CD150-) (9). These HSPC sub-populations are 
functionally divided by mitotic activity and reconstitution ability in bone marrow 
transplant assays (9). Mesenchymal stromal cells (MSCs) in the bone marrow are key 
regulators of HSPC quiescence, proliferation, homing, and mobilization (6, 20, 32). 
MSCs represent a heterogeneous population of cells; however, a purified population 
has been identified by the phenotypic marker platelet derived growth factor receptor 
alpha (PDGFRα) (43), as well as a lack of lineage committed markers (13).  
 The purpose of the present study was to establish a time course of HSPC 
mobilization in mice, characterize factors in the bone marrow and peripheral tissues that 
might be responsible for HSPC mobilization and removal from circulation. We 
hypothesized that an acute bout of exercise would transiently stimulate HSPC 
mobilization and proliferation, alter the secretome of MSCs in the bone marrow 




















3.2 Materials and Methods 
Mice 
All protocols were approved by the Illinois Institutional Animal Care and Use Committee. 
Male and female C57Bl/6 (Jackson Laboratories, Bar Harbor, ME) mice were housed at 
2 per cage and maintained in a 12:12h light-dark schedule with food and water provided 
ad libitium. Mice were received at 10 weeks of age and were 14-18 weeks for 
experiments. 
Exercise protocol 
 Male and female mice were equally and randomly divided between exercise (EX) or 
non-exercised controls (CNT) groups. For the experiments, 8 mice (4 female and 4 
male) per CNT and EX groups at 15 minutes, and 10 (5 female and 5 male) were 
assigned to the CNT and EX at 60 minutes. Two weeks before the exercise protocol, 
both EX and CNT mice were acclimated to the treadmill by a brief exposure 3 times 
every other day (M/W/F) consisting of 5 min at 8 m/min, 5 min at 10 m/min, and 5 
minutes at 8 m/min. EX mice completed an intense acute exercise bout on a treadmill 
(Columbus Instruments, Columbus, OH) previously shown to induce stress on the bone 
marrow compartment (11). Briefly, the exercise protocol began at 0% grade for 8 m/min 
that increased 2 m/min every 10 min until a speed of 16 m/min was reached. Mice 
exercised at 16 m/min for 30 min, and then 18 m/min for 20 min. CNT mice were placed 
into a control apparatus with the same lane specifications and placed on top of the 





HSPC quantification in peripheral blood 
Peripheral blood was analyzed at 15 and 60 minutes post-exercise for quantification of 
HSPCs in circulation. Peripheral blood was collected via submandibular facial bleed into 
0.2 ml PBS/Heparin solution. After, red blood cells were lysed in lysing buffer (BD 
Biosciences, San Jose, CA), cell suspensions were incubated in the following 
antibodies: biotinalyated linage panel (BD Biosciences, San Jose, CA), anti-mouse Sca-
1 PE (1:200, Life Technologies, Benicia, CA), anti-mouse c-Kit PE-CY7(1:200, Life 
Technologies, Benicia, CA) and FITC Strep-avidin (1:800, BD Biosciences, San Jose, 
CA). Cells were analyzed with an Attune Acoustic Focusing Flow Cytometer (Life 
Technologies, Benicia, CA). Unstained and single stain controls were used for 
compensation and gating. Data was analyzed as percentages Sca-1 and c-Kit positive 
from lineage negative populations.  
HSPC and PDGFRα quantification in bone marrow 
Mouse bone marrow cells were analyzed at 48h post-exercise to detect changes in 
stem/progenitor cell quantity within the bone marrow compartment. Mice were 
euthanized via C02 asphyxiation followed by cervical dislocation. Both femurs and tibias 
were quickly removed and cleared of muscle and connective tissue. Marrow was 
flushed in 1 mL sterile PBS through a 22-gauge needle. Flushed bones were 
mechanically and enzymatically digested as previously described (1). Briefly, femurs 
and tibias were gently crushed using mortar and pestle in Dulbecco’s modified Eagle’s 
Medium (DMEM). Bone fragments were further processed by cutting with scissors and 
suspended into a 0.2% collagenase solution for 1 hour at 37oC. Cells obtained were 
recombined with cells previously flushed and placed through magnetic cell sorting 
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(MACS): EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit (Stemcell 
Technologies, Vancover, BC, Canada) per manufacturer’s instruction. Cells were 
stained using the following antibodies for HSPC and MSC markers respectively: Sca-1 
PE (1:200, Life Technologies, Benicia, CA), c-Kit (1:200, Life Technologies, Benicia, 
CA), CD150 Brilliant Violet 421 (1:200, Life Technologies, Benicia, CA), CD 48 Brilliant 
Violet 521 (1:200, Life Technologies, Benicia, CA) and PDGFRα PE (1:200, BD 
Biosciences, San Jose, CA).  
Spleen analysis 
Spleens were obtained from mice 48 hours post-exercise following euthanasia and 
stored on ice until processing. Spleen cells were isolated by cutting the spleen on both 
ends and gently milking the cells out using forceps into PBS. Red blood cells were lysed 
and stained for HSPC markers as described above.  
5’-bromo-2’ deoxyurdine (BrdU) incorporation 
A subset of EX and CNT mice were used for detecting cell proliferation in the bone 
marrow. 10 mice from the CNT (5 male and 5 females) and EX (5 male and 5 female) 
were used. The average weights for each group were CNT: 22.38 ± 4.12 g, and EX: 
23.95 ± 2.78 g. Mice were injected (i.p.) with a sterile 2% BrdU solution (Sigma) at 0.5 
mg/g body weight in PBS once a day for 10 days prior to the exercise bout. The final 
injection was given the morning of the exercise bout. The exercise bout was performed 
as described above. Cells obtained from the bone marrow were obtained following 
MACS as described above and processed using the BD Pharminigen BrdU Flow Kits 
(BD Bioscience, San Jose, CA) following the manufacture’s procedures. Briefly, cells 
were fixed, permabilized, and stained using anti-BrdU FITC (1:50). Cells were analyzed 
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with an Attune Acoustic Focusing Flow Cytometer (Life Technologies, Benicia, CA). 
Unstained and single stain controls were used for compensation and gating. Data was 
analyzed as percentages Sca-1 and c-Kit positive (HSPCs) and PDGFRα positive.  
Fluorescent activated cell sorting (FACS) of bone marrow stromal cells  
A subset of cells obtained following MACS/FACS was used to characterize changes in  
the bone marrow stromal cell secretome. Cells were stained with CD45 FITC (BD 
Biosciences, San Jose, CA) and separated using BD Facs Aria II Sorter (BD 
Biosciences, San Jose, CA). Following FACS, cells were placed into a 96-well cell 
culture plate (Stemcell Technologies, Vancouver, BC, Canada) and cultured for 24 
hours in 150 ul of 5% FBS/DMEM at 50,000 cells/well.  
Conditioned media analysis  
Conditioned media (CM) was collected from cells separated by FACS after 24 hours 
and stored at -80°C. CM was pooled between the EX and CNT groups, respectively, 
and analyzed using a C-series Mouse Cytokine Assay C1 (RayBiotech, Norcross, GA) 
following the manufacturer’s protocol. Assays were imaged using ChemiDoc XRS 
camera (Biorad, Hercules, CA) and analyzed using ImageJ (National Institutes of 
Health).  
Gene expression analysis 
The extensor digitorum longus (EDL) was obtained from previously euthanized mice 
and stored at -80°C. RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, 
Germany) following the manufacturer’s protocols. Total RNA was quantified using a 
Nanodrop 1000 spetrophotometer (Thermoscientific, Waltham, MA). RNA to cDNA 
reverse transcription was done using the High Capacity cDNA RT Kit (Life 
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Technologies, Benicia, CA). Quantitative real-time polymerase chain reaction (qPCR) 
was done using Taqman ABI 7900 real time PCR machine (Life Technologies, Benicia, 
CA) and analyzed using SDS software (Life Technologies Benicia, CA). Changes in 
gene expression were calculated using the 2-ΔΔCT method (27) normalized to 
housekeeping genes. The following housekeeping genes: β-actin, SDHA, and MRPL14 
were averaged and used for calculations due to stability pre- and post-exercise. Due to 
variations in housekeeping genes between 15 minutes and 48 hours post-exercise time 
points, gene expression for the two-time points were analyzed independently.  
Statistical Analysis 
Shapario-Wilk tests (SPSS) were used to test for normality within data sets and 
observed for cell quantities in circulation and cell quantities in the bone marrow. Cell 
quantities in peripheral circulation were analyzed using a 2 way ANOVA in GraphPad 
Prism 6 (GraphPad Software, Inc., La Jolla, CA) and cell quantities in the bone marrow 
were analyzed using t-tests in Microsoft Excel (Microsoft, Redmond, WA). Gene 
expression and LSK+ quantity in the spleen was analyzed using Mann-Whitney-
Wilcoxon test in GraphPad Prism 6 (Graphpad Software, Inc., La Jolla, CA). Data 










3.3.1 Acute Bout of Exercise Transiently Mobilizes LSK cells into Peripheral 
Blood.  
Representative flow plots for LSK HSPCs are shown in Figure 3.1A. The 
percentage of circulating HSPCs was significantly increased 15 min post-exercise EX 
group vs. CNT (0.66±0.27% vs. 1.24±0.47%, p<0.001) and no significant difference in 
EX vs. CNT mice at 60 minutes (Figure 3.1B).  
3.3.2 Acute Exercise Upregulates Expression of Factors Conducive to HSPC 
Homing and Migration to Spleen.  
 Exercise has been shown to increase mobilization of HSPCs to skeletal muscle 
(34) and spleen (1). Thus, we evaluated HSPC quantity in the spleen and gene 
expression of HSPC homing factors in skeletal muscle 15 minutes post-exercise and 48 
hours post-exercise. A significant increase in HSPCs was detected in the spleen 48 
hours post-exercise (CNT 2.46 ± 0.28%vs. EX:  3.53 ± 0.78%, p=0.01) (Figure 3.2A). 
The expression of SCF (35 fold, p=0.001, Figure 3.2B) CXCL12 (28 fold, p=0.001, 
Figure 3.2C) VEGFa (17 fold, p=0.001 Figure 3.2D) and ANG1 (31 fold, p=0.01, Figure 
3.2E) were all significantly elevated in the skeletal muscle from EX vs. CNT mice. No 
significant differences were detected at 48 hours post-exercise for SCF (Figure 3.2F), 






3.3.3 Acute Exercise Stimulates HSPC Proliferation with No Effect on Total 
Quantity.  
Gating strategy for HSPC, LT-HSC, ST-HSC, and MPP is shown in 
representative flow plots in Figure 3.3A. An acute bout of exercise did not significantly 
increase the percentage of total HSPCs (LSK; Figure 3.3B), MPPs (Figure 3.3C), ST-
HSC (Figure 3.3D), or LT-HSCs (Figure 3.3E) in the bone marrow 48 hours post-
exercise.  
To evaluate the effects of an acute bout of exercise on HSPC proliferation, we 
evaluated the quantity of HSPCs, MPPs, ST-HSCs, and LT-HSCs expressing BrdU. An 
acute bout of exercise significantly increased the percentage of LSK BrdU+ (55.38 ± 
6.44% vs. 77.79 ± 3.80%, p<0.001, Figure 4.4A), MPP BrdU+ (55.18 ± 10.29% vs. 79.04 
± 7.23% , p<0.001, Figure 3.4B), ST-HSC BrdU+ (40.37 ± 7.23% vs. 65.13 ± 10.21%, 
p<0.001, Figure 3.4C), and LT-HSC BrdU+ (40.64 ± 5.68% vs. 62.9 ± 10.03%, p=0.002, 
Figure 3.4D) 
3.3.4 An Acute Bout of Exercise Stimulates Proliferation of Lin- PDGFRα+ Cells in 
Bone Marrow and Alters Stromal Cell Secretome.  
 Representative flow plots for PDGFRα+ are shown in Figure 4.5A following MACs 
sorting. An acute bout of exercise did not significantly affect the total number of 
PDGFRα+ cells within the bone marrow (Figure 3.5B, p>0.05). An acute bout of exercise 
stimulated the proliferation in the MSC populations (Figure 3.5C). The number of 
PDGFRα+ BrdU positive cells was increased the EX group, 68.43 ± 4.43%, compared to 
CNT, 57.02 ± 8.00% (p=0.01).  
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 To determine if an acute exercise bout altered paracrine factor secretion in bone 
marrow stromal cells, Lin- CD45- cells were isolated using a combined MACS/FACS 
isolation technique. Lin- CD45- MSCs were cultured for 24 hours in serum depleted 
media (5% FBS/DMEM) for evaluation of paracrine factor secretion in conditioned 
media (CM). The concentration of G-CSF (1.89 fold), SCF (1.63 fold), IL-2 (1.52 fold), 
fold), IL-17 (1.56 fold), sTNFRI (1.35 fold), IL-3 (1.26 fold) and Thrombopoeitin (1.15 
fold) were increased in all cells isolated from EX vs. CNT. IL-5 (0.73 fold) and INF-γ 
(0.80 fold) were decreased in cells isolated from EX vs. CNT (Figure 3.5D). All other 
paracrine factors evaluated were not changed (Figure 3.5D).  
3.4 Discussion 
 Developing a more complete understanding of the mechanisms governing HSPC 
mobilization following acute exercise is necessary to devise complimentary therapies to 
current pharmacological interventions used in stem cell transplant. In pursuit of this aim, 
the present paper used a murine model to establish a time course for HSPC 
mobilization following exercise and identified, for the first time, exercise-induced 
paracrine factors released by MSCs in the HSC niche, including granulocyte-colony 
stimulating factor (G-CSF) and stem cell factor (SCF), and determine that gene 
expression for chemokines necessary for HSPC homing including CXCL12 and 
Angiopoeitin-1 (ANG1) were upregulated in skeletal muscle. Additionally, we observed 
that a single bout of exercise stimulated HSPC and MSC proliferation within the bone 
marrow. These observations support our hypothesis that exercise stimulates HSPC 
mobilization due to paracrine factors released within the bone marrow compartment by 
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MSCs in the HSPC niche, and that chemoattractants produced in skeletal muscle draw 
HSPCs out of circulation.  
 Acute exercise has long been known to transiently increase HSPC content in 
peripheral blood. In the present study, HSPCs peaked 15 minutes after an acute 
exercise bout, and returned to levels similar to non-exercised mice by 1 hour post-
exercise. This timeline is consistent with previous human studies showing peak HSPC 
quantity in circulation 15 minutes after an acute exercise bout and returning to baseline 
levels within 60 minutes of cessation of exercise (28, 29). A similar time course was 
established by Heal and Brightman, who utilized stair running as an acute bout of 
exercise and observed an increase in circulating progenitor cells after exercise that 
returned to baseline by 1 hour post-exercise. Taken together, these data highlight a 
parallel time course for HSPCs mobilization into peripheral blood between human and 
murine subjects when exposed to an intense acute bout of exercise, supporting the use 
of the murine model to elucidate underlying factors responsible for HSPC mobilization.  
 A major clinical limitation in the application of acute exercise as a stimulus to 
mobilize HSPCs for hematopoietic stem cell transplant is the short duration of increased 
HSPC continent in circulation. Thus, developing a better understanding of the 
underlying mechanisms responsible for exercise-induced mobilization into, and removal 
from peripheral blood could increase the efficacy of exercise as an adjuvant therapy to 
HSPC mobilization. Previous research has demonstrated that acute aerobic exercise 
bouts induce stress responses from skeletal muscle (31) and bone marrow derived 
stem cells contribute to skeletal muscle repair following eccentric exercise (34), 
highlighting skeletal muscle as a potential target for HSPC migration. The expression of 
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the chemokines CXCL12, ANG1, vascular endothelial growth factor (VEGF), as well as 
the cytokine stem cell factor (SCF), which is necessary for HSPC maintenance and 
proliferation (12), were all elevated following an acute exercise bout in skeletal muscle. 
These results are consistent with previous research that has demonstrated an 
upregulation of SCF and VEGF to promoting repair and revascularization of the skeletal 
muscle from stem cell populations (18). Injection of CXCL12, which interacts with 
CXCR4 on HSPCs, directly into skeletal muscle has been shown to increase skeletal 
muscle repair and regeneration as a result of mechanical trauma; primarily due to the 
increased influx of CD34+ CXCR4+ progenitor cells (8). In another model of skeletal 
muscle damage, Bobadilla et al. utilized cardiotoxin injection to induce skeletal muscle 
damage which lead to an upregulation of CXCL12 and enhanced skeletal muscle repair 
resulting from increased homing of stem cell populations (5). Within the bone marrow, 
ANG1 is necessary for HSPC retention and long-term maintenance (40). However, 
Hattori et al. demonstrated that elevated levels of both VEGF and ANG1 stimulated 
hematopoiesis, vasculature remodeling and capillary development (16). Given that 
these factors have been shown to facilitate HSPCs migration, retention, proliferation 
and the contribution of bone marrow derived stem cells to skeletal muscle repair, our 
data supports our hypothesis that chemoattractants produced by skeletal muscle may 
be involved in removal of HSPCs from circulation to support skeletal muscle 
remodeling/repair following exercise.  
 The spleen is a secondary site of extramedullary HSPC residence. HSPCs 
migrate to the spleen during embryonic development and are maintained there in small 
quantities throughout life (42). Disruption of the bone marrow compartment, such as 
78 
 
during chemotherapy treatment, increases the quantity of circulating progenitor cells 
that are likely entering the spleen or other extramedullary sites (36). Previous research 
has shown that as a result of an acute physiological challenge from infection, the 
quantity of HSPCs within the spleen increases (22). We also observed an increase of 
LSK+ HSPCs within the spleen 48 hours post-exercise, further suggesting that exercise 
is mobilizing HSPCs out of the bone marrow and into extramedullary sites, perhaps due 
to acute stress in the bone marrow compartment.  
 A decrease in HSPCs within the bone marrow may be expected with exercise 
induced HSPC mobilization into circulation. However, in the present study, the content 
of HSPC sub-populations analyzed was not different between exercised and non-
exercised mice. We did observe increased proliferation of all HSPCs populations within 
the bone marrow, including MPPs, ST-HSCs, and LT-HSCs as measured by BrdU 
incorporation, 48 hours after exercise. These data suggest that acute exercise induced 
HSPC proliferation in order to replace that cells that had emigrated as a result of 
exercise. Chronic exercise training has been previously observed to alter the fate 
determination of MSCs (1) and increase the quantity of LSK+ population within the bone 
marrow (10). Thus, our data suggest that increases in HSPC and MSC differentiation in 
response to an acute exercise bout are likely the initial steps towards long-term 
increases in content seen with chronic exercise training.  
 Previous exercise studies in humans have attempted to correlate changes in 
various cytokine concentrations in peripheral blood to alterations in HSPC content. 
These data have been mostly inconclusive, with no associations shown between HSPC 
and cytokine content (29). HSPCs reside within a complex, but tightly regulated, niche 
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within the bone marrow. MSCs are key cellular components of the HSPC niche that 
regulate HSPC cell fat decisions via a variety of surface antigens and secreted 
cytokines (23). Our data are the first to demonstrate that an acute bout of exercise 
increased Lin-PDGFRα+ MSCs proliferation within the bone marrow. Further, MSCs 
isolated from mice 15 minutes after exercise, the time point corresponding to peak 
HSPC mobilization, demonstrated increased secretion of G-CSF, SCF, IL-3 when 
compared to non-exercise mice. G-CSF, SCF, and IL-3 are thought to induce the 
secretion of matrix metallopeptidase-9 (MMP9) from cells in the bone marrow (35). 
MMP9 cleaves CXCL12, thereby freeing HSPCs and allowing for entrance into 
peripheral circulation (21, 26). It is likely these factors are being upregulated to stimulate 
mobilization of the HSPCs into the periphery. SCF and thrombopoeitin are also involved 
with stimulating self-renewal and proliferation of HSPCs (39). We observed an increase 
of these factors from the CM of exercised mice. These data suggest that an acute bout 
of exercise stimulated self-renewal/proliferation of HSPCs and it is likely caused by 
changes in the secretome of stromal cell populations within the bone marrow.  
 Gender may play a role in the response of the hematopoietic system following 
exercise. Sex has been implicated in the effectiveness of pharmacological stimulation of 
HSPC mobilization. Administration of G-CSF to men elicits a greater increase in HSPCs 
in peripheral circulation compared to women (3, 25). Conversely, Nakada and 
colleagues demonstrated that an ovariectomy decreased HSPC proliferation but not 
castration (33). In addition, HSPCs proliferation can be increased in mice through the 
administration of oestradiol, a female sex hormone (33). In the present study, we did not 
observe any significant difference in the HSPC mobilization or proliferation (data not 
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shown). Male and female mice were equally divided between the CNT and EX groups; 
however, the small sample size for each gender may limit the ability to identify 
differential responses to exercise. Future studies will be needed to delineate the 
response of the hematopoietic system following exercise. 
 In conclusion, our data demonstrates that an acute bout of exercise 
stimulates the transient release of HSPCs into peripheral circulation as well as 
stimulating proliferation of HSPCs and MSCs within the bone marrow. The transient 
nature of the increased HSPC content in peripheral blood is likely due to increased 
production of chemoattractants in extramedullary tissues, such as skeletal muscle and 
the spleen, that facilitate HSPC homing to those tissues to participate in repair. The 
acute alteration in HSPC content and proliferation in the bone marrow are likely 
mediated by MSC expansion, and alterations in the MSC secretome of the bone 
marrow. These data are the first to identify key paracrine factors produced by MSCs in 
the bone marrow following an acute exercise bout, and chemoattractants in the skeletal 
muscle involved in HSPC homing, thus providing mechanistic targets to enhance the 
efficacy of exercise as an adjuvant therapy for HSPC mobilization and collection for 
HSCT. 
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Figure 3.1. Acute bout of exercise transiently mobilizes LKS cells into peripheral 
blood. (A) Representative flow plots of LSK cells in peripheral blood. (B) Percentage of 
LSK cells in peripheral circulation at 15 minutes and 60 minutes post-exercise. Data are 
presented as mean ± SD, from CNT15 n=8 (4 female and 4 male), EX15 n=8 4 (female 
and 4 male), CNT60 n=10 (5 female and 5 male), EX60 n=10 (5 female and 5 male), 







Figure 3.2. Acute exercise promotes gene expression of factors conducive to 
HSPC homing and migration to spleen. (A) Percentage of LSK cells in the spleen 48 
hours after exercise in exercise and control mice. Gene expression of SCF (B), CXCL12 
(C), VEGFa (D), and ANG1 (E) 15 minutes post-exercise.  Gene expression of SCF (F), 
CXCL12(G), VEGFa (H) ANG1 (I)in EDL 48 hours-post-exercise. Data are presented as 
mean ± SD, from CNT n=8 (4 female and 4 male) and EX n=8 (4 female and 4 male) in 
the spleen. CNT n=10 (5 female and 5 male) and EX n=10 (5 female and 5 male) for 
gene expression in the EDL at 15 minutes and 48 hours, * indicating p<0.001, + 







Figure 3.3. An acute bout of exercise does not alter HSPC quantity within the 
bone marrow. (A) Representative flow plots of CD150+/CD48+ on Sca-1+/c-Kit+ 
hematopoietic stem and progenitor cells following MACs sorting of bone marrow cells 
48 hours post-exercise. Percentage of cells SCA-1+ and c-Kit+ HSPCs in the bone 
marrow (B).  Percentage of MPPs (C), ST-HSCs (D)  LT-HSCs (E) from Sca-1+/c-Kit+ 
cells. Data are presented as mean ± SD, from CNT n=10 (5 female and 5 male) and EX 






Figure 3.4. An acute bout of exercise stimulates HSPC proliferation within the 
bone marrow. Total percent of cells SCA-1+ and c-Kit+ hematopoietic stem and 
progenitor cells expressing BrdU (A) 48 hours post-exercise. Total percentage of BrdU+ 
MPPs (B), ST-HSCs (C), LT-HSCs (D) from Sca-1+/c-Kit+ in the bone marrow. Data are 
presented as mean ± SD, from CNT n=10 (5 female and 5 male) and EX n=10 (5 














Figure 3.5. An acute bout of exercise stimulates proliferation of Lin- PDGFRA+ 
cells in bone marrow and alters stromal cell secretome. (A) Representative flow plot 
of PDGFRα+ cells follow MACS 48 hours after exercise. Total percentage of PDGFRα+ 
cells (B) within bone marrow and percentage of PDGFRα+ cells expressing BrdU(C) 48 
hours post-exercise. Analysis of CM (D) collected from Lin-CD45- cells after 24 hour 
culture.  Lin-CD45- cells were obtained from mice bone marrow 15 minutes post-
exercise, as fold change from CNT. Data are presented as mean ± SD, from CNT n=10 
(5 female and 5 male) and EX n=10 (5 female and 5 male), * indicating p<0.01. CM data 
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Chapter 4: Obesity Increases the Progression of Colon Cancer and Induces Long-
Term Changes to the Bone Marrow that is Attenuated by Exercise 
Abstract 
Colorectal cancer (CRC) is the third most diagnosed cancer worldwide. Obesity and 
physical inactivity increase CRC risk.  CRC is exacerbated in pro-inflammatory 
conditions characterized by increased production of innate immune cells from 
hematopoietic stem and progenitor cells (HSPCs) in the bone marrow (BM). The role of 
physical activity in modulating increased CRC risk in obesity and the potential 
mechanisms responsible for these effects remain to be elucidated.  Thus, we examined 
how obesity and exercise alter the progression of CRC and subsequent impact on the 
BM niche. Mice consumed either a control (CON) or high fat diet (HFD) to induce 
obesity prior to CRC induction by a carcinogen. Mice were then placed on the control 
diet with the obese mice placed into sedentary (HF-SED) or exercise trained (HF–EX) 
groups.  HF-SED mice developed more early markers of CRC, had a depletion of 
HSPCs that favoured expansion of early myeloid progenitors, increased marrow 
adiposity, and inflammation. These effects were reversed in HF-EX. Our results 
demonstrate that obesity increases the progression of CRC and creates a pro-
inflammatory BM environment.  Exercise mitigated these changes, suggesting that  
exercise may be a useful therapy to mitigate CRC progression through reversing long-
term changes to the BM.   
Key Words: hematopoietic stem cell, mesenchymal stromal cell, marrow adipose 






 Colorectal cancer (CRC) is one of the most commonly diagnosed cancers 
worldwide (35), with the highest prevalence of CRC observed in adults born after 1980 
within the United States (59).  Non-hereditary lifestyle factors, such as obesity and 
physical inactivity, have been demonstrated to independently increase CRC risk (55).  
Conversely, regular exercise has been associated with decreased CRC risk, reduced 
colorectal inflammation, and reduced mortality for CRC patients (11, 15, 32, 34, 56, 73).  
While promising, not all exercise based studies have produced benefits to patient 
outcome, in-hospital stay, or complications from treatment (27, 42).  These studies did 
observe improvements in functional capacity and mental well-being; however, low 
adherence and heterogenous exercise design limit the ability to effectively characterize 
the influence of exercise on CRC progression and outcome (27, 42).  Thus, non-
hereditary lifestyle factors appear to play a large role in the risk and progression of 
CRC; however, there is a critical need to investigate the role of a standardized, 
progressive exercise training on modulating CRC progression in a controlled model.  
The use of azoxymethane (AOM) to induce colon cancer in mice is an effective model to 
characterize colon cancer and to examine prevention of cancer development at early, 
neoplastic to dysplastic stages (further reviewed in (14)).  Utilizing chemical 
carcinogens, such as AOM, allows for investigations into the influence of non-hereditary 
related factors that may play in the development and progression of CRC in contrast to 
genetic mouse models. Specifically, the most commonly used APC(Min+) mice for 
investigation of colon cancer etiology bear genetic mutations that are not routinely found 
in sporadic human colon cancer patients (19). Moreover, most tumors developed in the 
APC(Min+) mice actually are located in the small intestine rather than specifically in the 
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colorectal areas (74).  When considering inflammation that is largely involved in human 
colon cancer development, AOM induced colon cancer in mice provides the relevance 
in this investigation as the carcinogenic process by AOM induction exhibits some 
preneoplastic lesions that mimic the human colon cancer (65).  Together with the 
convenience of the controlled induction time, these advantages warrant the use of 
AOM-induced mouse as the model in the investigation of physical activities and dietary 
effects in many studies, including the present one.   
 The progression of CRC is typically characterized by the influx of inflammatory 
immune cells into the colon (50, 52).  For instance, monocyte infiltration is one of the 
initial steps in colitis-induced CRC (30), monocytes and other lymphocytes are elevated 
during advanced stages of CRC (13), and increased circulating monocytes in CRC 
patients prior to surgery is associated with a poorer prognosis (50). Mature, circulating 
monocytes are derived from hematopoietic stem and progenitor cells (HSPCs) within 
the bone marrow (BM). HSPC activity is tightly regulated by the BM microenvironment 
through the secretion of paracrine and autocrine factors by various stromal cell 
populations.  Diet induced obesity (DIO) and exercise training elicit opposite effects on 
HSPCs and the regulatory BM microenvironment. Consumption of high-fat diet (HFD) 
prematurely exhausted HPSCs (7), induced differentiation down myeloid lineages (60), 
and create a more pro-inflammatory systemic environment (5, 28, 57). Conversely, 
exercise training expands HSPC content within the BM compartment without inducing 
premature exhaustion (17, 18) and is broadly considered more anti-inflammatory (6, 51, 
70).  While the mechanisms by which HSPCs are prematurely exhausted are not fully 
understood; DIO and exercise training induce functionally opposite effects within BM 
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niche (23) and whether the effects of exercise would overpower that of DIO requires 
further research.  DIO has been previously observed to increase the accumulation of 
marrow adipose tissue (MAT) (21) and is attenuated with exercise (63).  MAT within the 
BM arises from mesenchymal stromal cells (MSCs), a heterogenous progenitor cell pool 
with the capacity to differentiate down osteogenic or adipogenic lineages (46).  Leptin 
receptor (LepR)-positive cells represent a major MSC population within the BM that 
responds to obesogenic conditions through increased adipogenic differentiation leading 
to the accumulation of MAT (76).  High fat diets have previously been demonstrated to 
diminish the HSPC population and remodel the BM (8, 63); however, no 
characterization exists investigating how a combination of colon cancer and DIO 
impacts HSPCs. Furthermore, the combination of DIO and exercise training influence 
on the BM environment have not been investigated in a colon cancer model. 
 Thus, the purpose of the present study was to determine the role of DIO and 
exercise on the propagation of colon cancer in an AOM mouse model via modulation of 
hematopoiesis.  We hypothesized that exercise training would slow the progression of 






4.2.1 HFD-induced Alterations in Body Weight and Body Composition and 
Effects of Exercise Interventions.  
A representative experimental overview is presented in Figure 4.1A. Mice fed a high fat 
diet had significantly higher body weights beginning at weeks 4 through 12 compared to 
CON mice (p<0.05, Figure 4.1B).  Following the AOM injection and being placed on the 
control diet, HF-SED mice had significantly higher body weights compared to CON at 
weeks 28, 32, 38, and 40 (p<0.05, Figure 4.1B).  Body weight did not differ between HF-
EX and CON mice from weeks 18 to 40. Body fat percentage was significantly 
increased following 4 weeks of HFD consumption compared to CON (p<0.05, Figure 
4.1C).  Returning to the control diet, restored body fat percentage of HFD mice to that of 
CON with no difference in body fat percentage observed across time or between for the 
remainder of the intervention period.  The total amount of lean mass was higher in HF-
SED mice compared to CON mice from weeks 6-36 (p<0.05, Figure 4.1D).  HF-EX mice 
had a higher amount of lean mass at 24-36 weeks compared to CON (p<0.05, Figure 
4.1D). 
4.2.2 The Obesity-Induced Increase in the Content of Aberrant Crypt Foci was 
Reversed by Exercise Training. 
A representative image of aberrant crypt foci (ACF), a marker of early neoplastic 
transformation (71), is shown in Figure 4.2A. The number of ACF (Figure 4.2B) was 
higher in HF-SED compared to CON and reversed in HF-EX (CON: 6.75 ± 0.84 vs. HF-
SED: 16.18 ± 0.84 vs. HF-EX: 9.90 ± 1.59, p<0.05).  The number of observed lymph 
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nodes (Figure 4.2C) was increased in HF-EX compared to CON and HF-SED mice 
(CON: 1.41 ± 0.26 vs. HF-SED: 1.40 ± 0.37 vs. HF-EX: 2.9 ± .30, p<0.05). 
4.2.3 Long Term Modulations to HSPCs Incurred by High Fat Diet are Partially 
Reversed by Exercise. 
Representative flow plots for HSPCs (LSK), LT-HSCs (LSK, CD150+/CD48-), ST-HSCs 
(LSK CD150-/CD48-), and MPPs (LSK CD150+/CD48+) (Figure 4.3A). The relative 
proportion of HSPCs did not differ between groups (Figure 4.3B). HF-SED mice and 
HF-EX mice had a significantly lower proportion of LT-HSCs within the LSK+ pool 
compared to CON (CON: 3.65 ± 0.13% vs. HF-SED: 2.51 ± 0.20 vs HF-EX: 2.84 ± 0.22, 
p < 0.05).  A significant decrease in ST-HSC within the LSK+ pool was observed HF-
SED compared to CON and HF-EX mice (CON: 16.60 ± 0.64% vs. HF-SED: 10.67 ± 
1.13 % vs. HF-EX: 15.89 ± 1.38%, p <0.05, Figure 4.3D), while the percentage of more 
differentiated MPPs within the LSK+ pool were significantly elevated in HF-SED 
compared to CON an HF-EX (CON: 71.67 ± 1.25% vs. HF-SED: 77.45 ± 0.48 vs. HF-
EX: 70.25 ± 0.92, p < 0.05, Figure 4.3E).  Representative flow plots of CMPs (Lineage-
cKit+) and CLPs (Lineage-Sca1+) are presented in Figure 4A. CMPs were significantly 
elevated in HF-SED compared to CON and HF-EX mice (CON: 0.14 ± 0.01% vs. HF-
SED: 0.21 ± 0.01% vs. HF-EX: 0.14 ± 0.02%, p < 0.05, Figure 4.4B), and no significant 
difference was observed in CLPs between groups (Figure 4.4C). 
4.2.4 The Accumulation of MAT Following the Consumption of High Fat Diet 
Persists Following the Return to a Normal Diet but is Reversed by Exercise. 
To investigate the mechanisms responsible for the long-term changes to the HSPC 
populations, we investigated the content of MAT, a negative regulator of hematopoiesis 
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(47). MiroCT visualization of MAT (Figure 4.5A) revealed a significant increase in MAT 
in HF-SED compared to control and HF-EX (13.6 ± 1.5% vs 24.3 ± 1.0% vs 11.9 ± 
1.5%, p<.05, Figure 4.5B).  No significant difference was observed between FABP4 and 
PPARᵧ. A significant increase in TCF, a transcription factor in Wnt/β-catenin, was 
increased in HF-EX mice compared to CON (1.3 fold, p<0.05) 
4.2.5 Altered Pro-Inflammatory Milieu Persists within the BM and is Attenuated 
with Exercise. 
The increased accumulation of MAT in HF-SED mice next led us to evaluate the 
paracrine milieu present within the BM.  The pro-inflammatory cytokines Fas Ligand 
(1.40 Fold), Fractalinka (1.39 fold), G-CSF (1.30 fold), INFγ (1.45 fold), IL-1α (1.27 fold), 
and IL-1β (1.88 fold), Leptin (1.33 fold), IL-17a (1.58 fold) CXCL9 (1.47 fold) that were 
increased in HF-SED and were decreased in HF-EX (Fas Ligand: 0.94 fold, Fractalinka: 
0.94 fold, G-CSF: 0.75 fold, IFNγ: 0.59 fold, IL-1α: 0.89 fold, IL-1β 0.46 fold, Leptin: 0.80 
fold) compared to CON mice.  An increase in the cytokines BLC (HF-SED: 1.33 fold, 
HF-EX: 1.33 fold), IL-2 (HF-SED: 1.87 fold, HF-EX: 1.32 fold), IL-10 (HF-SED: 1.57 fold, 
HF-EX: 1.32 fold), MIP-1γ (HF-SED: 1.71 fold, HF-EX: 2.57 fold) were observed in HF-
SED and HF-EX mice compared to control. We also observed an increase in RANTES 
(1.23 fold), MIP-1α (1.58 fold) and CXCL12 (2.02 fold) in HF-EX mice compared to 
CON, and a decrease in TIMP-1 (Figure 4.5A). Gene expression analysis revealed an 
increase in VEGFa in HF-SED mice compared to both CON and HF-EX mice (1.71 vs 
1.13 fold; p<0.05). IL-1β mRNA expression trended higher (p<0.11) in HF-SED mice 
compared to CON mice.  An increase PDGFc was observed in HF-EX mice compared 
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to CON mice (3.04 fold; p<0.05).  No significant differences were observed in SCF, IL-6, 
IGF-1, SCF. 
4.2.6 The Percentage of Leptin Receptor (LepR) Positive Cells is not Affected 
Following DIO and Colon Cancer. 
Representative immunofluorescence images are shown in Figure 4.7A, 4.7B, and 4.7C.  
Quantification of these images revealed a trend (p=0.09) for fewer total cells within the 
BM of HF-SED mice (Figure 4.7D); however, no significant differences were observed 
between any of the groups in the relative proportion of LepR+ cells or LepR MFI (Figure 
4.7E,4.7F).  A significant difference was observed in DAPI+ cells between HF-SED and 
HF-EX mice when compared via a paired t-test (p=0.05, Figure 4.7D).   
4.3 Discussion   
 CRC progression is related to alterations in normal hematopoiesis (66). Obesity 
is associated with increased CRC risk and pro-inflammatory changes in hematopoiesis 
(60).  Conversely, exercise training is associated with decreased CRC risk, potentially 
due to its anti-inflammatory properties, and beneficial effects on hematopoiesis (3, 18).  
In the present study, we make the novel observation that exercise training reverses 
increased CRC progression associated with DIO, potentially by restoring normal 
hematopoiesis.  Additionally, we make the interesting finding that obesity induces long-
term changes in hematopoiesis via alterations in the BM microenvironment that is only 
reversed by exercise, and not by restoration of normal diet and body mass/composition.  
These data highlight exercise as a potential therapy to mitigate enhanced CRC 
progression in obesity through reversing hematopoietic strain. 
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 Consuming a high fat (45% Kcal) diet, consistent with a typical “Western Diet”, 
was effective at inducing DIO obesity as determined by both overall body weight and 
the percentage body fat within 1 month.  The differences in body weight and 
composition disappeared following a return to the control diet and AOM injections.  
Interestingly, the return to normal diet did not mitigate the development of ACF within 
the colon of HF-SED mice.  These observations are consistent previous reports using 
AOM to induce colon cancer following HFD consumption.  Velázquez et al. observed no 
decrease in polyp burden following consumption of a 40% HFD and subsequent switch 
to a low fat diet for 30 weeks in a AOM mouse model (69).  Interestingly, mice switched 
from HFD to LFD following AOM injections also demonstrated an increase in 
macrophages and T-cells present in the spleen and lymph nodes compared to control 
mice, indicating a systemic inflammatory profile (69). Similarly, Touminen et al. 
observed no decrease in ACF formation following a switch from a 45% HFD to 13% fat 
diet for 32 weeks compared to other HFD groups (68). Together, these data suggest 
that DIO creates an environment more conducive to CRC development, and dietary 
interventions alone may not be sufficient to impede progression. 
 The use of both voluntary and forced exercise training has been observed to 
reduce CRC progression in both chemical carcinogen and genetic mouse models (4, 
25, 37, 43). Forced treadmill running was also effective at reducing the formation of 
ACF in AOM injected Balb/c mice compared to sedentary mice (2). Ju et al. utilized 
more severe form of colitis-induced CRC via AOM + dextran sulfate sodium (DSS) 
injections and observed a decrease in the number of colonic tumors following voluntary 
wheel running (37). Furthermore, Ju et al. observed that 16 weeks of voluntary wheel 
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running on APC(Min+) mice, a genetic model of hereditary-base tumor development, 
decreased the number of intestinal tumors.  Similarly, forced treadmill (6 days/week) 
exercise reduced polyp burden in the presence of either a control or 21% fat 
westernized diet in APC(Min+) mice (4). Our data extend these findings by showing that 
progressive exercise training reduced the number of AC and ACF within the colon of 
mice previously exposed to a high fat diet., The underlying mechanism by which 
exercise mitigates CRC progression is still unknown, however, some evidence supports 
the hypothesis that exercise training reduces the pro-inflammatory profile in colonic 
tissues in the presence of HFD (43), in aged mice (49), or by increasing the secretion of 
the anti-inflammatory cytokine IL-10 (25).  Overall, our data supports the hypothesis that 
progressive exercise training of sufficient intensity attenuates the progression of CRC 
following DIO in both spontaneous and hereditary models. 
 High fat diet has been previously implicated to increase activity of the 
hematopoietic system; however, no investigations have evaluated hematopoiesis within 
a CRC model. Our data suggest a propagation of HSPC differentiation down myeloid 
lineages induced long after DIO within the BM with a decrease in more primitive LT- and 
ST-HSCs.  Furthermore, our results demonstrate for the first time, that dietary 
intervention alone is not sufficient to reverse these changes. Our results align with 
previous reports observing that the long-term consumption of a 45% HFD raised the 
relative percentage of myeloid lineage cells and decreased lymphoid cells within the BM 
(67). Other HFD models, both 45% and 60%, have demonstrated an increased HSPC 
activity culminating in an increase in myeloid lineage cells (8, 60). van den Berg et al., 
observed a depletion of primitive HSPCs and propagation of myeloid lineages following 
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45% HFD consumption and premature exhaustion of HSPCs as measured by serial BM 
transplants in mice (8).  Singer et al. observed similar long-term biases towards myeloid 
lineage cells but did not observe a long-term depletion of LT-HSCs following 12 weeks 
of 60% HFD consumption and 8 weeks return to control diet (60). Although the inclusion 
of AOM injections may have altered the response of HSPC subpopulations in response 
to a HFD, the fact that the depletion was not observed in CON mice, who also received 
AOM, suggest that the deficit is likely due to long-term impact from consuming the HFD.  
Furthermore, the signals responsible for myeloid cell production may have been 
stronger in HF-SED, due to the potential recruitment of myeloid cells to colonic tissues 
during CRC (30).  This is supported by previous findings showing an increased content 
of macrophages within the spleen of AOM injected DIO mice switched to low fat diet, 
indicating systemic pro-inflammatory stress may still persist (69).  Overall, our results 
suggest that HFD imparts long-term modulations to the BM compartment, and 
disruption of normal homeostasis following colon cancer induction persist after a return 
to normal diet. These findings point to a potential mechanism for the epidemiological 
evidence suggesting a protective effect of exercise against CRC through maintenance 
of normal hematopoiesis and inhibition of excess myeloid cell production.  
 Exercise is broadly considered anti-inflammatory in obesity, independent of 
weight change, in-part by lowering the number of circulating pro-inflammatory 
monocytes that perpetuate chronic low grade inflammation (61).  We observed that 
progressive treadmill exercise training partially attenuated the long-term deficits 
resulting from consumption of HFD. HF-EX mice did not recover LT-HSCs following a 
return to a control diet and exercise training.  However, HF-EX mice did have a higher 
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percentage of ST-HSCs and reversed the myeloid bias within the BM; suggesting that 
exercise partially mitigated long-term differentiation induced by HFD.  Our results are 
supported by the limited research available investigating the influence of exercise on 
HSPCs.  We have previously observed that an acute bout of exercise stimulates 
proliferation of HSPCs (24), while Baker et al. observed exercise training increases the 
number of hematopoietic progenitors as measured by CFU assay (3). The increase in 
ST-HSCs, but not LT-HSCs, is supported by other similar treadmill experiments. De 
Lisio et al observed an increase in LSK+ HSPCs within the vascular fraction following 
exercise training, but not HSPCs within the endosteal fraction (18).  More primitive 
HSPCs are located near the endosteal surface, while more differentiated HSPCs are 
close to the central marrow (33).  While HSPC localization was not measured in the 
present study, together these studies provide evidence that prolonged exercise training 
may be primarily influencing expansion of ST-HSPCs, while DIO may promote HSPCs 
to differentiate, primarily along the myeloid lineage, resulting in depletion of primitive 
HSC pools.  However, more in-depth investigations characterizing localization and 
HSPC response to exercise are necessary. 
HSPCs are tightly regulated by the BM microenvironment (46); thus, given the long-term 
changes we observed in hematopoiesis, we investigated if alterations in the BM niche 
were related to these findings. We observed that MAT accumulation, as measured by 
microCT, persisted following DIO even after returning to control diet, and despite similar 
overall body composition as measured by MRI. Interestingly, the increase MAT was 
completely reversed with exercise training.  Our MAT data is supported by a strong 
trend for more DAPI+ cells present within BM sections in HF-EX mice, as MAT is 
104 
 
associated with a decrease of hematopoietic cells and occupation of red marrow space 
within the BM, such as seen in aging (29, 54).  Additionally, increased MAT is supported 
by the increase in leptin production, an adipokine, which was normalized by exercise 
training.  Exercise has been widely recognized to combat the accumulation of MAT, a 
negative regulator of hematopoiesis (47).  Work from the Rubin lab has shown that 
exercise mitigates the accumulation of MAT in the presence of HFD or rosiglitazone, an 
agonist propelling mesenchymal stromal cells down adipogenic lineages (62, 63). Our 
findings extend this work by showing that MAT accumulation persists long after 
cessation of a high fat diet, and the combination of an exercise and dietary intervention, 
but not diet changes alone, can restore MAT to normal levels. Along with changes to the 
cellular composition of the BM, we also observed a more pro-inflammatory paracrine 
environment persists long after cessation of high fat diet consumption without the 
addition of exercise. DIO has been observed to increase the production of pro-
inflammatory gene expression and cytokine production in mice (7, 12, 28) and rat (16) 
BM stromal cells. Similarly, we observed an increase in pro-inflammatory cytokines IL-
1α, IL-1β, G-CSF, IL-17a, Fas Ligand, and Fractalkine in HF-SED that was attenuated 
with exercise. These results along with the previous research suggest that DIO results 
in a persistent inflammatory environment that may link the increase in adiposity and 
altered HSPC phenotype within the BM. In support of this notion, we observed an 
increase in the gene expression of vascular endothelial growth factor (VEGF) and 
strong trend for IL-1β, which are known for their role in propagating the pro-
inflammatory processes within the BM (26, 36, 53).  VEGF is necessary for normal BM 
homeostasis; however, during inflammation or disease such as aplastic anemia, which 
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is characterized by MAT accumulation (10, 38), increased VEGF is detected within the 
BM milieu (26).  We did not observe a difference in the gene expression for PPARγ and 
FABP4 from BM islets.  We suspect that this may be due to the high cellular 
heterogeneity within the BM, and this may have limited our ability to detect more subtle 
changes in gene expression in adipocyte progenitors (20).   
 Overall, these data show that the combination of DIO and CRC resulted in the 
drastic remodeling of the BM compartment into a more inflammatory state. The 
increased accumulation of MAT, altered gene expression, and increase in pro-
inflammatory proteins within the BM were mostly mitigated with exercise training.  
Since, MAT is derived from mesenchymal stromal cell (MSCs) (76), and MSCs produce 
a variety of soluble factors that regulate hematopoiesis (64).  We further investigated 
the effects of obesity and exercise on MSCs in our CRC model.  Leptin receptor (LepR) 
is present on wide range of MSCs populations (76), and has been implicated for driving 
MSCs down adipogenic lineages (75).  Although we did not detect any differences in the 
proportion of cells expressing LepR or the overall expression of LepR in the marrow, we 
did detect an increase in leptin content in HF-SED which was reversed in HF-EX.  
Together, these data suggest that leptin signaling was increased in the marrow of HF-
SED mice, which may have promoted MSC differentiation along the adipogenic lineage.  
In support of this notion, we observed a significant increase in TCF7 expression in HF-
EX.  TCF7 is a transcription factor that lies downstream of Wnt canonical/β-catenin 
signaling, and the gene expression during osteogenic differentiation (31, 45).  
Furthermore, β-catenin inhibits the pro-inflammatory nuclear factor (NF)-κB signaling 
(22).  While not measured in the present study, the elevation of pro-inflammatory 
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cytokines IL-1β, a major stimulus for NF-κB signaling, in HF-SED and elevated Wnt 
canonical/β-catenin signaling along with reduced IL-1β in HF-EX mice suggest a 
functionally opposite response biasing MSCs in DIO and exercise.   
 In conclusion, the present study is the first to establish that DIO induces long-
term changes to the BM which is related to alterations in hematopoiesis in a CRC 
model.  Exercise training reversed the progression of AOM induced CRC back to control 
levels, and mitigated some detrimental changes to the HSPCs and BM niche.  
Furthermore, these data highlight the need for more in-depth characterizations into the 
response of HSPCs and the BM microenvironment in DIO, CRC, and exercise training.  
Additionally, translational studies should evaluate the incorporation of more 
standardized, moderate to high intensity exercise paradigms that have been previously 
observed feasible in patients during and after breast cancer treatment (77).  Overall, 
exercise may serve as a potential adjuvant therapy to attenuate some of the detriments 
incurred by DIO in CRC.   
4.4 Materials and Methods 
Mice 
All protocols were approved by the Illinois Institutional Animal Care and Use Committee.  
Male C57Bl6/J (Jackson Laboratories) mice were maintained in a 12:12h light-dark 
schedule with food and water provided ad libitum.     
Diet and Experimental Design 
At 5 weeks of age, mice were randomly divided into either control (CON; n=12) or high-
fat diet (HFD; n=24) groups. Mice in the HFD group received a diet consisting of 45% 
Kcal fat for 8 weeks (D12451, Research Diets) (72). CON mice received a control diet 
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(16% Kcal Fat; AIN-93M, Research Diets).  At 9 weeks of age, after obesity was 
induced, all mice received weekly intra-peritoneal injections of AOM (15 mg/kg; 
MRI#600, MRIglobal) for the first week, and AOM (10mg/kg; MRI#600, MRIglobal) for 
the remaining 3 weeks to induce CRC as similarly described (68).  During AOM 
injection, all mice were placed on the CON diet for the remainder of the study (Figure 
4.1A).  Body composition was determined monthly throughout the study via EchoMRI-
100 (Echo Medical Systems) based upon previous protocols (39). Mice were sacrificed 
at 40 weeks of age for all analyses described below. 
Progressive Exercise Training Program 
At 22 weeks of age, HFD mice were randomly divided into either sedentary (HF-SED; 
n=12) or exercise trained (HF-EX; n=12) groups.  HF-EX mice began a progressive 
exercise training program on a motorized treadmill (Columbus Instruments) based upon 
previously utilized program to elicit responses from the BM (18). Mice were exercised 3 
days per week (M/W/F) for 22 weeks.  Each training session consisted of a 10 minute 
warm up at 12 m/min, a progressive training period, and 5-minute cool down at 12 
m/min.  The training portion began at 10 m/min for 25 minutes (Week 18) and increased 
10 minutes each week until a 45 minute training time was reached (Week 20).  
Subsequently, the speed was increased weekly by 1 m/min starting at week 3 until a 
speed of 23 m/min was reached (Week 35).  The remainder of the exercise program 
(Weeks 35-40) continued at 23 m/min for 45 minutes, as mice had difficulty maintaining 
higher speeds for the entire 45 minute training period.  Electric shock was not used as 
encouragement.  CON and HF-SED mice were placed onto the treadmill for 1 hour 3 
times per week to mimic the stress of treadmill exposure. 
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Colon Tissue Sampling 
Mice were sacrificed by CO2 asphyxiation. The colon was removed, opened 
longitudinally, and washed twice with ice cold phosphate-buffered saline (PBS). The 
colon was then separated to proximal and distal halves by measuring the length from 
cecal junction to rectal junction. The proximal half was snap frozen using liquid nitrogen 
and the distal half was fixed for histology. The distal colon for fixation was stapled onto 
transparent film with mucosal side facing out. The distal colon was then subjected to 
10% formaldehyde fixation for 24 hours followed by fixation and storage in 10% ethanol.   
Analysis of Aberrant Crypt Foci 
The fixed colon was stained in 0.1% methylene blue solution for 2 min and then rinsed 
in 1x PBS and blotted dry with a paper towel. Digital images were captured by a 
dissection scope (AMG/ Westover Scientific Digital USB2 Microscope) using a 1.5-2x 
digital zoom for ACF localization and counting. Images were collected from three 
random fields of every colon, each frame being 50 mm². Two individuals were trained by 
a veterinary pathologist in order to locate, count, and record the number of aberrant 
crypts in the colon samples as previously described (9). The identification criteria for 
aberrant crypts (AC) were as follows: two to three times larger than normal crypts, 
thicker epithelial lining, and stained darker than normal crypts. Groups of crypts were 
counted as a single unit of aberrant crypt foci (ACF). Lymph nodes were also noted in 
the colon and counted using the digital dissection scope. Lymph node counting was 
done randomly at a fixed height the entire length of the colon. Aberrant crypts are 
counted as lymph-associated (LA) when they are within half a frame of a lymph node.  
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All other AC counted are referred to as non-lymph-associated (NLA) aberrant crypts. All 
counting was blinded. 
HSPC Quantification in BM 
BM cells were collected to quantify HSPCs as previously described (18). Briefly, the BM 
cavity of one femur and one tibia from each mouse was flushed and isolated cells were 
stained with the following HSPC markers: Lineage panel biotinalyated linage panel 
(1:200, BD Biosciences), anti-mouse Sca-1 PE (1:200, Life Technologies), anti-mouse 
c-Kit PE-CY7(1:200, Life Technologies) and FITC Strep-avidin (1:800, BD Biosciences), 
CD150 Brilliant Violet 421 (1:200, Life Technologies), and CD48 Brilliant Violet 521 
(1:200, Life Technologies). Cells were analyzed with an Attune Acoustic Focusing Flow 
Cytometer (Life Technologies).  HSPCs and subpopulations were identified by: HSPC 
(LSK, lineage-Sca-1+cKit+), long-term hematopoietic stem cells (LT-HSCs, LSK 
CD150+CD48-), short-term HSCs (ST-HSCs, LSK CD150-CD48-) and multi-potent 
progenitors (MPP, LSK CD150-48+) (40), common myeloid progenitors (CMP, Lineage-, 
cKit+) (1) and common lymphoid progenitors (CLP, Lineage-Sca1+,cKit-) (41).  
Compensation and gating strategies were derived from unstained and single stained 
cells. 
Quantification of MAT 
Osmium tetraoxide staining was used for quantification of MAT as previously described 
(58). Briefly, femurs were fixed with 10% neutral buffered formalin for 24 hours then 
decalcified in EDTA. MAT staining was performed with 2 mLs of 1% osmium 
tetroxide/2.5% potassium dichromate for 48 hours at room temperature.  MAT imaging 
was performed with the MicroXCT-400 (Ziess). Femurs were aligned to center frame of 
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view, and analyzed at a voltage of 40 kV and 8 W.  Femurs were exposed for 1 second, 
and analyzed for 360o at 1 image per 1o. Images were reconstructed and analyzed 
using Amira imaging software (Fei Biotechnologies).  Total MAT was expressed as a 
percentage of total bone volume. 
Gene Expression 
A portion of BM cells obtained from femurs and tibias were separated, flash frozen, and 
stored at -80oC for gene expression analysis. RNA was isolated using RNeasy Mini Kit 
(Qiagen) following the manufacturer’s protocols. Total RNA was quantified using a 
Nanodrop 1000 spetrophotometer (Thermoscientific). RNA to cDNA reverse 
transcription was done using the High Capacity cDNA RT Kit (Life Technologies, 
Benicia, CA). Quantitative real-time polymerase chain reaction (qPCR) was done using 
Taqman ABI 7900 real time PCR machine (Life Technologies) and analyzed using SDS 
software (Life Technologies). Changes in gene expression were calculated using the 2-
ΔΔCT method (44) normalized to β-actin.  Succinate dehydrogenase and β-actin were 
both analyzed as potential housekeeping genes, and β-actin was selected due to less 
variability between groups. 
Cytokine Array Analysis  
A portion of cells obtained from BM flushing were separated and snap frozen for 
subsequent protein isolation.  Frozen cells were homogenized via mortar and pestle in 
200ul RIPA buffer containing protease and phosphatase inhibitors. Protein 
homogenates were incubated for 1 hour at 4o on an inverter, and spun down at 13,000 x 
g for 5 minutes.  Supernatants were collected, flash frozen, and stored at -80o. Protein 
concentrations were determined via Bradford assay.  Protein homogenates from each 
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group were pooled to obtain an average analysis of all mice within each group, and 
analyzed via a C-Series Mouse Inflammation Array C1 (RayBiotech) per manufacturer’s 
protocol. 500 µg of protein from pooled samples were added to each array. Assays 
were visualized using 201 ChemiDoc XRS camera (BioRad) and quantified using 
ImageJ (National Institutes of Health).  Individual cytokines were normalized to positive 
controls within each array, and expressed as a fold change compared to CON. 
Immunofluorescence Staining 
A subsample of the femurs not used for microCT imaging were sectioned for 
immunofluorescence staining as previously described (76). Bones were rehydrated in 
30% sucrose solution for 48 hours and flash frozen in OCT.  Bones were then sectioned 
to 5µm thickness using the Lecia Cyrostat (Lecia Biosystems) and stored at -20oC until 
staining. BM sections were blocked in 5% goat serum at room temperature for 1 hour 
and incubated in 1% BSA/PBS goat-anti-mouse Leptin Receptor (LepR) primary 
antibody solution (1:200; R&D Biosystems) at 4oC overnight. BM sections were then 
incubated in a 1% BSA/PBS chicken-anti-goat TRITC secondary (1:400; Life 
Technologies) for 1 hour at room temperature.  Sections were counterstained with DAPI 
and imaged using aniCyte Imaging Cytometer (Thor Labs).  BM images were analyzed 
based upon previously established protocols (48).  Briefly, an initial scan was conducted 
at 10x magnification and a high-resolution pass at 40x was taken of a 1500 x 960 µm 
section of the BM.  This section was located in the distal metaphysis and was consistent 
among all samples analyzed. Channel thresholds were auto-segmented for each image 
and a watershed algorithm was applied to isolate events.  Gates were set against 




Body weight and body composition were analyzed via repeated measures ANOVA.  
Other data were analyzed via one-factor (group) ANOVA or Kruskal-Wallis test, and 
Tukey’s post-hoc test in GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA).  
Data are presented as mean ± SEM with p<0.05 considered significant. 
Data Availability 
The datasets generate during and/or analysed during the current study are available 
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Figure 4.1. The HFD-induced increase in body weight and percent body fat are 
reversed by exercise. A) Schematic overview of study. B) Body weight C) percent 
body fat D) and lean mass throughout the study.  *p<0.05 difference between HF-SED 








Figure 4.2. DIO increases early indicators of CRC that is reversed by exercise but 
not diet alone. A) Representative images of aberrant crypts (AC). B) The total number 
of ACF, and C) lymph nodes within the colon. #p<0.05 significant difference from CON 



















Figure 4.3. High fat diet induces long term differentiation of HSPCs that is 
partially attenuated by exercise.  A) Representative flow plots and percentage of B) 
LSK
+
 HSPCs and sub-populations C) LT-HSCs D) ST-HSC and E) MPP. *p>0.05 
significant difference between groups.  **p<0.01 significant difference between CON. 








Figure 4.4. Increase in common myeloid progenitors (CMP) is attenuated with 
exercise following high fat diet. A) Representative flow plots for CMP and CLP. 
Quantification of B) CMPs and C) CLPs from BM cells. #p>0.05 difference from CON 















Figure 4.5. Increased MAT persists after return to control diet in HF-SED mice.  
A) Representative μCT scan of osmium tetroxide stained mouse femurs. B) 
Quantification of BM adipose tissue. Gene expression analysis of C) FABP4, D) PPARγ, 
and E) TCF.  #<0.05 difference from CON and HF-EX groups. *p<0.05 difference from 















Figure 4.6. Altered protein content and gene expression within persist within BM 
following high fat diet. A) Cytokine array analysis.  Gene expression data for B) IL-6, 
C) IL1-βD, D) VEGFa, E) IGF, F) SCF, and G) PDGFc #p=<0.05 difference from CON 










Figure 4.7. The percentage of leptin receptor (LepR) positive cells is not affected 
following DIO obesity and colon cancer. Representative images of A) 10x, B) 10x 
view of the 1500 x 960 region, and C) 40x high resolution scan of region BM sections.  
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Chapter 5: Exercise Training Protects Hematopoietic Stem Cells and the Bone 
Marrow Niche from Sub-Lethal Radiation Exposure in Obesity. 
Abstract 
 Leukemia risk is at an at an all-time high, as the advent of more advanced 
radiation based technologies become more commercially viable and used in healthcare.  
Increased risk for developing leukemia is related to lifestyle factors including obesity 
and exercise status.  The underlying mechanisms remain unknow.  We utilized a dose 
of ionizing radiation in CBA mice to evaluate how the combination and exercise training 
modulate factors associated with leukemia.  Mice were fed either a control or high fat 
diet and placed onto a sedentary or exercise program for 5 weeks prior to radiation 
exposure.  Mice were irradiated with a sub-lethal dose of IR, and either continued their 
previous exercise training program and dietary protocol.  Analysis of BM sample 
revealed that exercise training protected the bone marrow compartment from IR, as well 
as resident HSPCs.  Furthermore, exercise reduced the accumulation of MAT and pro-
inflammatory environments.  Overall, we demonstrated that exercise is protective of the 
BM niche in the presence of obesity, and highlight its potential prior to as a potential 
therapeutic adjuvant or decrease leukemia risk factors by inducing BM remodeling and 









There are currently 14 million cancer survivors in the United States, and this 
number is expected to increase in the coming years (3). Radiation therapy is commonly 
used in cancer treatment, with 2/3 of patients receiving radiation therapy (3). Human 
cancer risk, increases linearly with increasing exposure to high doses of ionizing 
radiation (IR) (52). Thus, the growing number of long-term cancer survivors is making 
the late effects of radiation therapy, including radiation-induced cancers, a major clinical 
concern.  
The late effects of radiation therapy are extremely understudied due to the 
relatively recent increase in long-term cancer survivors, especially in the context of 
exercise status. Radiation-induced malignancy is a multi-stage process that involves 
both immediate, direct effects of radiation exposure, as well as persistent, indirect 
effects remaining long after exposure (41). The direct effects of IR are caused by 
cellular oxidative stress, leading to DNA damage, apoptosis and mutations (59) 
ultimately resulting in malignant transformation of surviving cells (27). These immediate 
cellular processes can be induced by exposure to very low levels of radiation and 
represent the first phase in the cancer initiation process (45). Long-lived, tissue-resident 
stem cells are particularly susceptible to radiation injury (74). Radiation leads to 
decreased stem cell quantity, impaired expansion and cellular senescence (74). 
Additionally, genomic instability in tissue-resident stem cells can be passed down to 
their progeny resulting in the progression of genomic damage to cells that were never 
exposed to radiation (40). Despite recent technological advances in radiation therapy 
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and improvements in radiation shielding, injury to healthy tissue remains an unavoidable 
primary cause of radiation-induced malignancies. 
The hematopoietic system is particularly susceptible to radiation damage. 
Hematopoietic stem cells and progenitor cells (HSPCs), the most primitive cells of the 
hematopoietic system from which all mature blood cells are derived (48), are particularly 
susceptible to oxidative stress, and as a result, leukemia (76).  Acute myeloid leukemia 
(AML), is the most common form of radiation induced cancer (61). Radiation induces 
DNA damage and senescence in HSCs and their progeny (74) as well as a prolonged 
inflammatory response within the bone marrow microenvironment (38, 42). Within the 
BM, HSPCs reside in a complex niche that consists of a variety of cell types that 
regulate hematopoiesis (4). Endothelial cells, mesenchymal stromal cells (MSCs), and 
marrow adipose tissue (MAT) populate the BM and are major contributors to the BM 
niche (12, 24, 33, 37).  MSCs represent a heterogenous cellular population that express 
platelet derived growth factor receptor-α (PDGFR α), leptin receptor (LepR), nestin, 
CD51, Sca-1, and are progenitors for bone and fat cells (31, 57, 81).  MSCs have anti-
inflammatory properties, home to inflamed tissues to facilitate repair (16, 35), and are 
resistant to radiation (68, 71). Together, the long-term inflammatory effects of radiation 
exposure on the BM, and the characteristics of MSCs suggest that MSCs may be the 
primary cell type regulating the inflammatory microenvironment within the BM following 
radiation exposure 
 Obesity and physical activity are two physiological host factors that have been 
epidemiologically linked to cancer risk. With nearly 60% of the US population being 
overweight/obese (54), and a cancer diagnosis often accompanied by a decrease in 
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physical activity levels, the number of obese and inactive cancer survivors is rapidly 
increasing (82). Obesity is characterized by an increase in fat tissue, systemic 
inflammation, and modulations of the BM microenvironment that increase the risk of 
developing secondary malignancies (1, 29, 55).  Conversely, exercise reduces 
inflammation and remodels the BM to be more conducive to steady state 
hematopoiesis, and decreases mortality following cancer treatment (5, 19, 20, 69).  
However, a paucity of data exists directly investigating how exercise training and 
obesity modulate paracrine factors secreted by MSCs or hematopoietic recovery follow 
radiation exposure. 
 Thus, the purpose of the present study was to investigate how exercise training 
and obesity modulate the bone marrow environment and HSPCs following exposure to 
a sub-lethal dose of IR.  We fed mice either a control or 45% “western” high fat diet and 
subsequently placed mice into sedentary or exercise programs prior to IR.  Following a 
sub-lethal IR exposure, we continued mice on their previous paradigms for one month 
and characterized BM HSPCs, BM stromal cell populations, and secretome of the BM 
cells. We hypothesized that exercise training would preserve bone marrow cellularity, 
HSPCs, attenuate inflammation in the BM by IR, and obesity would exacerbate these 
factors.  
5.2 Materials and Methods 
Mice 
All protocols were approved by the Illinois Institutional Animal Care and Use Committee.  
Male CBA (Jackson Laboratories) mice were maintained in a 12:12h light-dark schedule 
with food and water provided ad libitium.  CBA mice were used in the present study due 
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to AML being the primary type of leukemia induced by radiation in this strain as in 
humans, morphology of the disease closely resembles human AML, and incidence of 
spontaneous AML is very low in this strain (0.1-1%) (61–64). Mice were received at 4 
weeks old and allowed 1 week to acclimate to the facility. Mice were divided between 
control (CON; n=20) and high fat groups (HF; n=20).  CON mice received the control 
diet (AIN-93M, Research Diets) while HF mice were given a 45% high fat diet (D12451, 
Research Diets) throughout the study.   
Exercise Protocol 
We based a progressive exercise treadmill program that has been previously observed 
to expand the HSPC pool and decrease MAT (5, 20). At 9 weeks of age, mice from 
CON and HF groups were divided into Sedentary (SED, n=10) and exercise (EX, n=10) 
groups.  Briefly, mice were exercise trained 3 days per week (M/W/F) progressing to 1 
hour per day. Each exercise session began with a 5-minute warm-up period at 8 m/min, 
followed by 30-45 minute training period and concluded 5-minute cool-down period at 8 
m/min. Treadmill speed during the training period progressively increased starting at 10 
m/min for 25 minutes to a maximum of 23 m/min for 45 minutes. Exercise sessions 
occurred at the same time of day and mice were encouraged to run by stimulation with 
bristles of a paintbrush as we have found this method to be more effective and humane 
than electric shock. Non-exercised mice were exposed to treadmill noise, placed in the 
confined treadmill lanes and manually manipulated in the same manner/time as 
exercise trained mice to control for any stress associated with the treadmill apparatus.  
One CON+EX mouse passed following total body irradiation (TBI) due to handling 
during an exercise session. 
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Total Body Irradiation 
At 13 weeks of age, all mice were administered a 3 Gy dose of gamma-radiation. The 
radiation was administered as previously described with minor modifications (18, 20, 
22). Briefly, radiation was administered with a Theratron 780 Cobalt 60 radiation unit at 
a fixed dose rate of 37.7 cGy/min. Mice were anesthetized with ketamine/xylazine (65/4 
mg/kg) by intraperitoneal injection to prevent them from moving during radiation 
treatment. A uniform dose distribution across the radiation field was applied.  Following 
total body irradiation, mice were provided Jell-O or one week in addition to their diet to 
ensure sufficient calories. Mice were evaluated daily during recovery.  
Bone Marrow Cellularity 
Four weeks following IR exposure, mice were euthanized via C02 asphyxiation followed 
by cervical dislocation. Both femurs and one tibia were quickly removed and cleared of 
muscle and connective tissue. Subsequently, mouse bones were flushed in 1 mL of 
PBS to retrieve BM cells as previously described (18, 20). An aliquot of the BM cell 
suspension was separated, diluted 1:100 in PBS, and mixed with trypan blue to identify 
dead cells. All viable cells were counted with a Countess Automated Cell Counter (Life 
Technologies).  The 1 ml aliquot of BM cells was centrifuged at 400 x g 4oC. The 
supernatant fluid from the flushed BM samples was separated from the cellular fraction, 
snap frozen and stored at -80oC for future analysis.  Concurrently, BM cells were re-
suspended in 1 ml of 5%FBS/PBS and placed on ice for future flow cytometric analysis. 
HSPC and MSC Quantifications in Bone Marrow.  
Mouse BM cells were collected for characterization of HSPC and stromal cell 
populations. Flushed bones were mechanically and enzymatically digested as 
134 
 
previously described (6). Briefly, femurs and tibias were gently crushed using mortar 
and pestle in Dulbecco’s modified Eagle’s Medium (DMEM). Bone fragments were 
further processed by cutting with scissors and suspended into a 0.2% collagenase 
solution for 1 hour at 37oC. Cells and bone fragments were filtered through a 40 µm cell 
strainer.  Cells liberated from bone digestion were re-combined with cells previously 
flushed.  MSCs were stained from whole bone marrow isolates. For HSPC staining, BM 
cells were enriched through magnetic cell sorting (MACS) using the EasySep Mouse 
Hematopoietic Progenitor Cell Negative Enrichment Kit (Stemcell Technologies) per 
manufacturer’s instruction for HSPCs. Cells (5x106) were stained using the following 






Following staining, cells were fixed in 10% formalin and permeabilized in PBS 0.01% 
triton.  Nestin+ MSCs went through the staining protocol as all MSC populations, but 
were stained with nestin following cell fixation.  Following phenotypic staining, cells were 
incubated with CellROX ® Green Reagent (Life Technologies) for 30 minutes at 37oC 
for ROS quantification.  Cells were washed, suspended, placed on ice for evaluation via 
the Attune Acoustic Flow Cytometer (Life Technologies).  Compensation and gating 
strategies were derived from unstained and single stains.  Total cell quantities of 
HSPCs and subpopulations were determined by measuring the percentage of detected 
cells x the total number of cells obtained from MACS.  MSC and stromal cell populations 
were calculated by measuring the percentage of detected cells x total number of cells 
obtained from BM flushing and crushing.  
Quantification of Marrow Adipose Tissue 
Osmium tetraoxide staining was used for quantification of MAT as previously described 
(66). Briefly, one tibia was fixed with 10% neutral buffered formalin for 24 hours. 
Subsequently, tibias were washed in water and decalcified in 14% EDTA/PBS at room 
temperature for 2 weeks.  The bones were subsequently washed and the distal joint 
was removed.  MAT staining was performed with 2 mls of 1% osmium tetroxide/2.5% 
potassium dichromate for 48 hours at room temperature.  Tibias were washed in water 
and stored in PBS until imaging. MAT imaging was performed with the MicroXCT-400 
(Ziess). Tibias were aligned to center frame of view, and analyzed at a voltage of 40 kV 
and 8 W.  Tibias were exposed for 1 second, and analyzed for 360o at 1 x 1o. Images 
were reconstructed and analyzed using Amira imaging software (Fei Biotechnologies).  
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Total MAT was expressed as a percentage of total bone volume. During analysis, the 
researcher was blinded to conditions. 
Cytokine Array Analysis 
A portion of cells obtained from MACS separation were cultured for conditioned media 
(CM) analysis as previously described (25).  Briefly, 50,000 cells obtained from MACS 
were cultured in 150 µls of 2%FBS/DMEM/1% Pen/Strep for 24 hours.  CM samples 
were collected, flash frozen, and stored at -80o for future analysis. CM and bone marrow 
supernatants previously obtained were analyzed via a C-Series Mouse Inflammation 
Array C1000 (RayBiotech) per the manufacturer’s protocol. Assays were visualized 
using 201 ChemiDoc XRS camera (BioRad) and quantified using ImageJ (National 
Institutes of Health). Pixel density were subtracted from background, and expressed as 
percent difference from CON samples.   
Statistical Analysis 
Shapario-Wilks test was used to test for normality within each data set.  Non-normal 
data or unequal variance were log transformed.  Body weight, %body fat, and changes 
in lean body mass were analyzed via a repeated measures two-factor ANOVA. Cell 
populations and MAT were analyzed by two-factor ANOVA (diet x exercise) in SPSS.  
For cellular populations, interactions statically significant interactions between diet and 





5.3.1 High Fat Diet is Effective at Inducing an Obesity Phenotype that is not 
Attenuated with Exercise. 
A schematic overview of the present study is presented in Figure 5.1A. Consuming a 
45% high fat diet was effective at inducing obesity by increasing body weight.  A 
significant decrease was observed CON+SED and CON+EX between both HF+SED 
and HF+EX mice at week 7-13 (p<0.007, Figure 5.1B).  No significant differences were 
observed between HF+SED and HF+EX mice throughout the study.  Similarly, percent 
body fat was increased consuming a high fat diet in HF+SED and HF+EX mice 
significantly compared to CON+EX mice at week 4 and by week 8 compared to 
CON+SED mice (p<0.01, Figure 5.1C).  At week 12, both HF+SED and HF+EX mice 
had significantly increased body fat compared to mice consuming normal chow.  Diet, 
but not exercise training was observed to increase lean body mass. 
5.3.2 Exercise Protects BM Cellularity and HSPCs from Sub-Lethal Irradiation 
Regardless of Obesity. 
Bone marrow cellularity and the total HSPC pool (LSK), subpopulations, and progenitor 
cells: LT-HSCs (LSK, CD150+/CD48-), ST-HSCS (LSK, CD150-/CD48-), MPPs (LSK, 
CD150-/CD48-), CLPs (Lineage-Sca1+) and CMPs (Lineage-cKit+) were measured via 
flow cytometry. Exercise training increased overall bone marrow cellularity (p<0.05 
exercise main effect, Figure 5.2A) and the quantity of HSPCs (p<0.05, exercise main 
effect, Figure 5.2B), LT-HSCs (p<0.05 exercise main effect, Figure 2C), ST-HSCs 
(p<0.05, exercise main effect, Figure 5.2D), and MPP (p<0.05 exercise main effect, 
Figure 5.2E). An increase quantity of CLPs was observed in exercised mice (p<0.05 
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exercise main effect, Figure 5.2F) not effect of exercise was observed in CMPs.  
Obesity decreased the overall BM cellularity (p<0.05 diet main effect, Figure 5.2A), total 
HSPCs (p<0.05 diet main effect, Figure 5.2B), and MPPs (p<0.05 diet main effect, 
Figure 5.2E). HFD had no effect on the quantity of CMPs. 
5.3.3 Exercise Trained Mice have Lower ROS Detected within HSPCs but Obesity 
had no Effect on Endogenous ROS 
ROS production was measured in HSPCs and subpopulations.  Exercise training 
decreased endogenous ROS present within LSK+ HSPCs (p<0.05 exercise main effect, 
Figure 5.3A).  A trend for a decrease was observed in ST-HSCs (p=0.09 exercise main 
effect, Figure 5.3C) and MPPs (p=0.09 exercise main effect, Figure 5.3D).  No 
significant difference was observed in LT-HSCs, CLPs, or CMPs.  Obesity had no effect 
on ROS levels in any HSPC or progenitor cell population; however, a trend for 
increased ROS was detected in MPPs (p=0.08 diet main effect, Figure 5.3D). 
5.3.4 Exercise Training Inhibits the Accumulation of MAT in the Presence of 
Obesity Following Sub-Lethal IR Exposure. 
Previous data has observed an increase in MAT following IR exposure (13), we 
quantified how exercise training and obesity modulate MAT accumulation following sub-
lethal IR exposure. Treadmill training reduced the accumulation of tibia MAT (p<0.05 
exercise main effect, Figure 5.4B) compared to sedentary mice following sub-lethal IR 
exposure.  Obesity increased the accumulation of MAT (p<0.05 diet main effect, Figure 
5.4B) compared to mice consuming normal chow. 
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5.3.5 The Combination of Exercise Training and DIO Differentially Influence 
Stromal Cell Populations and Increase the Quantity of Osteoblasts and 
Endothelial Cells Following IR. 
MSCs represent a heterogenous population that within the BM that possess 
immunomodulatory properties.  We analyzed the presence of multiple stromal cell 
populations including: nestin+ MSCs (CD45-Ter119-Nestin+), PDGFRα+ MSCs (CD45-
Ter119- CD31-PDGFRα+), osteoprogenitors (CD45-Ter119-CD31-CD51+Sca1+), 
osteoblasts (CD45-Ter119-CD31-CD51+), adipocyte progenitors (CD45-Ter119-CD31-
CD51-Sca1+) endothelial progenitors (CD45-Ter119-CD51-CD31+Sca1+), and 
endothelial cells (CD45-Ter119-CD51-CD31+).  A significant decrease of nestin+ MSCs 
was observed in CON+SED compared to CON+EX mice, HF+SED, and HF+EX mice 
(p<0.007, Figure 5.5A).  No significant interactions were observed between nestin+ 
MSCs of HF+SED and HF+EX groups.  A significant increase in osteoprogenitors of 
CON+EX compared to CON+SED mice (p<0.007, Figure 5.5B). Diet reduced the total 
quantity of PDGFRα+ MSCs (p<0.05 exercise main effect, Figure 5.5C), and osteoblasts 
(p<0.05 exercise main effect, Figure 5D) compared to sedentary mice.  An increase in 
endothelial progenitors (p<0.05 exercise main effect, Figure 5.5E) and endothelial cells 
(p<0.05 exercise main effect, Figure 5.5F) was observed in exercise trained mice that 
was depressed by obesity (p<0.05, Figures 5.5F, 5.5G).  Interestingly, an increase in 
adipocyte progenitors was observed in CON+EX mice compared CON+SED and 




5.3.6 Exercise Training Increases the Concentration of ROS in MSCs and 
Endothelial Progenitors. 
ROS generation was measured in BM MSCs and stromal cell populations.  Exercise 
training increased ROS content within CON+EX nestin+ MSCs ROS that was 
significantly higher than CON+SED, HF+SED, and HF+EX mice (p<0.007, Figure 5.6A). 
An increase in ROS was observed in the osteoprogenitors of exercise trained mice 
(p<0.05 exercise main effect, Figure 5.6B).  ROS production was decreased in 
PDGFRα of obese mice (p<0.05 diet main effect, Figure 5.6C).  Higher levels of ROS 
were detected endothelial progenitors of treadmill trained mice (p<0.05 exercise main 
effect, Figure 5.6E).  No significant difference was observed in adipocyte progenitors. 
5.3.7 Supernatant Analysis Reveals a More Inflammatory BM Environment in 
Obesity that is Mitigated with Exercise Training. 
Supernatant samples collected from flushed BM we’re characterize the cytokines 
present in the BM milleu.  Supernatant samples were pooled respectively between 
CON+SED, CON+EX, HF+SED, and HF+SED mice and analyzed via cytokine array 
(Figure 5.7).  Cytokine alterations were grouped together based upon function.  
Supernatant analysis reveals an increase in inflammatory cytokines associated with 
myeloid lineage stimulation such as IL-1β, IL-12p70, IL-17A, leptin, MIP-1α, MIP-1γ, 
MIP3α, TNFα and LIX in HF+SED mice.  Additionally, modest increases in cytokines 
necessary for maintenance and regeneration of the bone marrow including CXCL4, 
SCF, TPO, IGFBP-3 and a decrease in CXCL12 were observed in the supernatant of 
HF+SED mice compared to CON+SED mice (Figure 5.7). 
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 The supernatant of CON+EX mice also contained several inflammatory cytokines 
including CCL27, Eotaxin-1, IL-4, M-CSF, MIP-1γ, MIP2, IL-2, IL-3β, and LIX.  The 
supernatant of exercise trained mice contained dramatically higher levels of HSPC 
regulatory cytokines including CXCL4, CXCL12, CCL1, L-selectin, IGFBP-3, and 
IGFBP-6.  The supernatant of HF+EX mice almost completely mirrored the content of 
CON+EX mice (Figure 5.7). 
5.3.8 BM Stromal Cells Contribute to the Inflammation Status of Obese BM 
through Cytokine Secretion that is Attenuated with Exercise. 
 CM was collected after 24-hour culture of BM stromal cells purified through 
MACs to characterize the secretome of non-hematopoietic lineage committed cells.  
We observed a general increase in pro-inflammatory cytokines associated with obesity 
and myeloid development in the CM of HF+SED mice, including IL-1β, IL-2, IL-1α, IL-3, 
CCL20, LIX, MCP-1, MCP-5, CCL3, INF-γ, CXCL10, Eotaxin-2, FAS ligand, CX3CL, 
Fractalikin, GCSF, and RANTES (Figure 5.7).  CM media from HF+SED mice also 
contained an increase in inflammatory factors utilized as prognostic factor for leukemia 
including AXL, CD30, CD30 L, CD40, CXCL16, IL-17A, leptin receptor, and leptin.  CM 
from HF+SED mice contained elevations in bone marrow regenerating cytokines 
including E-selectin and IL-10, but an overall decrease in cytokines signaling lymphoid 
lineages and CXCL12 compared to CON+SED mice (Figure 5.8).   
CM exercise trained mice revealed BM stromal cell production of inflammatory 
cytokines, albeit reduced compared to HF+SED and included CCL20, MCP-5, CCL3, 
and G-CSF.  CM contained an increase in the number of inflammatory cytokines 
stimulating lymphoid development including IL-15, TSLP, CCL22, HGFR, and E-
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selectin.  An increase in IGF-2, IGFBP-2, and OPG were observed.  As in the 
supernatant, HF+SED mice stromal cell secretion mirrored the secretome of CON+EX 
mice (Figure 5.8) 
5.4 Discussion 
 Exposure to IR induces damage to the hematopoietic system, leading to increase 
cell death of HSPCs, BM inflammation and increased risk for developing cancer (47, 
50).  We observed exercise training prior to and after IR exposure increases the 
quantity of BM HSPCs, mitigates the persistent ROS accumulation in HSPCs and 
protects HSPCs in obesity.  Additionally, exercise training remodels the BM 
microenvironment to be more conducive to hematopoiesis via increasing the quantity of 
endothelial cells and MSCs present within the BM.  Interestingly, we observed 
increased levels of ROS present within endothelial progenitors and MSCs; contrary to 
what was observed in HSPCs.  Finally, we show that exercise training differentially 
influences MSC populations, and alters their function by observing a decrease in MAT 
accumulation and alteration of the inflammatory status with the BM compartment via the 
secretome of BM stromal cells.  Taken together, these data demonstrate that physical 
activity status and diet differentialy modulate the cellular consituents of the BM and 
secretome of BM stromal cells following IR exposure. 
 Bone marrow cells and HSPCs are sensitive to IR; triggering an immediate 
reduction in BM mononuclear cells over 48 hours following exposure to 3 and 6 Gy (67).  
Recovery of BM cellularity is delayed; and recovery can range from 28-56 days post-IR 
exposure, while higher doses of 7.5 Gy remain persistently reduced 19 months post 
exposure (67, 75).  HSPC recovery occurs more slowly due to decreased proliferation 
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capacity and ROS burden, with significant depletion observed 8-10 weeks following IR 
exposure (14, 67, 75).  We were not able to determine if enhanced hematopoietic 
recovery following IR was due to reduced HSPC death.  However, we did observe an 
increase quantity of BM cells and HSPCs in exercise trained mice compared to 
sedentary mice, along with a reduction of ROS in LSK+ HSPCs, suggesting a reduction 
in HSPC damage.  Previous reports observed exercise training in donor mice during 
bone marrow transplant did not enhance engraftment or reconstitution; however, 
exercise training of recipients enhanced homing and reduced apoptosis of donor cells 
(18, 21). Furthermore, exercise reduces BM apoptosis from IR and expands the HSPC 
pool, and stimulates proliferation of HSPCs (21, 22). Thus, it appears that the increased 
hematopoietic cell quantity of exercise trained mice observed may be due to a 
combination of protection to BM cells and increased proliferation.  
Obesity resulted in persistent BM hypocellularity and decreased HSPCs; however, 
we were not able to determine if reduced bone marrow cellularity resulted from obesity 
induced radio-sensitization of HSPCs, or decreased proliferation capacity.  Previous 
reports observed BM cell death was not exacerbated in obese C3H mice following 3 Gy 
IR exposure; however, obesity reduced proliferation of BM cells and decreased quantity 
of erythroid progenitors (73). Furthermore, negative correlations between MAT and 
bone marrow cellularity have observed following radiation exposure in female Balb/c 
and ovariectomized mice in agreement with reduced MAT enhances hematopoietic 
recovery following BMT (32, 51).  These data suggest that the reduction in BM cells in 




The bone marrow microenvironment regulates HSPCs.  IR induced damage of 
endothelial cells or MSC reduce HSPC quantity (28, 30).  We observed an increase 
endothelial progenitors, CD31+ endothelial cells, and MSCs following exercise training, 
suggesting that a protective effect was conferred to the BM microenvironment.  Further 
supporting the preservation of the BM microenvironments, we observed a decrease in 
MAT and increase in quantity of osteoblasts. This effect was somewhat blunted by 
obesity.  Ionizing radiation inhibits osteoblast proliferation and increases sensitivity to 
apoptosis signals while concurrently expanding MAT accumulation in the BM. Increased 
MAT accumulation inhibits hematopoietic reconstitution in BM transplant, and is 
considered a negative regulator of hematopoiesis (51). Taken together, these results 
further support the notion that BM cellularity and HSPCs can be enhanced through 
preservation of the BM niche, and the blunted effect resulting in obese mice likely is due 
to increased disruption of the BM microenvironment. 
An interesting observation made from the current study is that exercise training, 
high fat diet, and IR exposure differentially impact MSC populations. Recent progress 
has been made in further characterizing specific MSC populations that are biased 
towards adipogenic and osteogenic lineages.  Both CD45-/Ter119-/CD31-/CD51+/Sca-1+ 
and CD45-/Ter119-/CD31-/PDGFRα+ cells are enriched for osteoblastic biased MSC 
populations (2, 77).  We observed an increase in both osteoprogenitor populations 
resulting from exercise training, but a blunted response in Nestin+ MSCs in obese mice.  
Nestin+ encompass all cells capable of forming CFUs within the BM (46).  Thus, it 
appears the exercise training is specifically increasing the quantity of osteogenic lineage 
cells; however, future research is needed to confirm this hypothesis. 
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 We observed an increase in the quantity of pre-adipocytes in exercise trained 
mice consuming a normal diet, which is contrary to our expectations and plethora of 
data detailing MAT expansion following IR exposure (65).  Recent reports have 
demonstrated that a single dose of ionizing radiation depletes adipocyte progenitors in 
skeletal muscle and inhibits their capacity to proliferate and differentiate (53).  
Furthermore, peripheral white adipocyte tissues were compromised from expansion 
following bone marrow transplant, but instead resulted in the accumulation of adipocyte 
quantity in peripheral tissues that were unable to expand during HFD storage (34).  
While MAT increases following ionizing radiation, we could not find any research 
determine if this was due to increased size or increasing mature adipocyte quanitity. 
Interestingly, we observed an increase of ROS in MSCs and endothelial progenitor 
cells of exercise trained mice.  Traditionally, this would suggest increased damage to 
stromal cells due to increased ROS concentration.  However, increased stromal cell 
dysfunction is associated with more pro-inflammatory secretions like IL-1β, and 
increased MAT and increased ROS in HSPCs (34, 40).  Furthermore, the underlying 
mechanism of this is not well understood and remains elusive.  As we did not measure 
MSC or osteoprogenitor populations prior to IR, we cannot confirm if this increased 
ROS is blunting their ability to proliferate and merely being continued as they 
differentiate into mature osteoblasts and adipocytes.  An alternative hypothesis may be 
that BM stromal cells are scavenging ROS within the BM.  CX43 mediates cell-to-cell 
interactions of osteogenic, endothelial lineage cells, and numerous other cell types (44, 
58). BM stromal cells have been shown to import ROS from HSPCs via Connexin-43 
(CX43) (72).  CX43 has been observed to enhance hematopoietic regeneration by 
146 
 
mediating CXCL12 expression in BM stromal cells and influence osteogenic 
differentiation of MSCs (60, 72, 78).  Thus, it may be that the BM stromal cells are 
acting as an additional ROS scavenger system to protect HSPCs in exercise trained 
mice.  CX43 expression is decreased during adipogenic differentiation of MSCs and 
dysfunction of endothelial cells in aging, diabetes, and obesity (10, 79, 80).   
Obesity and IR have both been implicated in modulating the secretome of BM 
stromal cells.  We observed an increase in the inflammatory status of the obese mice 
BM in response to sub-lethal IR.  Furthermore, our data suggests that cytokine 
secretions by BM stromal cells contribute to the increased inflammatory milleu.  
Cytokine array analysis of CM collected after 24 hours from isolated BM stromal cells 
revealed a functional difference between exercise trained and obese mice.  CM 
obtained from obese mice revealed an increase in pro-inflammatory cytokines including 
IL-1β, IL-2, IL-3, INF-γ, G-CSF, IL-12, leptin, and others indicating a more inflammatory 
status is present in obese sedentary mice.  These cytokines were mostly reduced in CM 
obtained from cells cultured from exercised mice. The increased inflammatory status is 
likely responsible for the increased accumulation of MAT and decreased HSPC 
quantity.  For instance, the elevation of IL-1 is triggered following IR, and its propagation 
contributes to both persistent inflammation, disruption of steady-state hematopoiesis, 
and is secreted by MSCs following HFD (15, 23, 36, 56). Elevated leptin signaling has 
been implicated in biasing MSCs into adipogenic lineages and is elevated in obesity 
(81).  Increased levels of G-CSF have been previously observed to exacerbate IR-
induced ROS production in HSPCs (39). The inflammatory cytokine milieu was also 
present in the BM supernatant including IL-1β, MIP-1α, MIP-3α, and leptin.  
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Furthermore, we observed an increase in the CM of HF-SED mice for AXL, 
CD30/CD30L, and CD40.  Elevations of these factors have been observed in acute 
myeloid and lymphoid leukemia, and are emerging as a prognostic indicator for 
increased risk (7, 17, 26).  CBA mice are commonly used as experimental model for 
leukemia that develops at more advanced age (9, 43, 49).  While it is unlikely, that the 
CBA mice in the present study developed leukemia, due to the short-time frame post-IR, 
the increase in these prognostic cytokines does support previous reports of their 
increased disposition towards developing leukemia AXL, CD30/CD30L, and CD40 were 
decreased in CON+EX and HF+EX mice.  However, we did attempt hematopoietic cells 
in peripheral circulation at the end of the study (data not shown).  Blood clotting in our 
blood samples reduced the number analyzed, but we observe increased polychromasia 
in 5 out of 6 samples from sedentary mice in both CON+SED and HF+SED compared 
to rare polychromasia in 2 out of 5 exercised samples.  Increase polychromasia, the 
release of immature red blood cells, is an indicator of damage to the bone marrow or 
indicator of cancer cells invading the BM (61). Together, these data demonstrate both a 
functional change induced by obesity and of the inflammatory environment present 
within the BM following IR.   
Exercise is generally considered anti-inflammatory.  Exercise training in normal 
chow mice, and to a lesser extent if obese exercise trained mice, reversed the pro-
inflammatory increases in the CM and supernatant.  Furthermore, we observed an 
increase in CXCL12 and CXCL4, which are necessary for HSPC maintenance (11, 28, 
70).  Furthermore, we observed an increase the CCL22, a potent chemoattractant of 
Treg cells (8).  Thus, it appears that the cytokines secreted by the stromal cells are 
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creating an environment more conducive to long-term hematopoiesis and recruiting 
immunosuppressive cells to mitigate inflammation. 
Overall, the results from this study demonstrate that physical activity status and 
diet differentially influence hematopoietic quantity within the BM following sub-lethal IR 
exposure.  Hematopoietic quality, as measured by increased BM cellularity and HSPCs, 
was increased in exercise training in the presence of normal or HFD.  Consuming a high 
fat diet and remaining sedentary resulted in decreased hematopoietic quality.  
Furthermore, the increased quantity of overall BM cellularity and HSPCs is likely due to 
modulation of the bone marrow microenvironment, and may serve as a negative risk 
factor in the development of secondary malignancies by protecting BM resident HSPCs. 
Our results demonstrate that exercise training creates an environment more conducive 
to hematopoiesis, likely by increased protection of HSPCs and stromal cells.  Overall, 
increasing physical activity status may be a potential preventive and therapeutic option 
to individuals at high risk for ARS.  Future research will be necessary to determine if the 
benefits to hematopoietic recovery or merely protects BM cells from IR exposure 
5.5 Limitations 
The results of this study suggest exercise training enhances hematopoietic status follow 
IR exposure, likely through modulation of the BM microenvironment.  However, we were 
not able to determine if HSPC function is preserved.  While previous reports have 
demonstrated that exercise training does not prematurely exhaust HSPCs (21), the 
impact of obesity and IR have not been investigated and were not established with this 
study.  Furthermore, the present study had no control group that did not undergo IR, 
limiting our ability to characterize whether hematopoietic status had returned to pre-IR 
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levels or if ROS generation was reversed.  Additionally, we were not able to fully 
characterize the response in all MSC populations. Further investigations are necessary 
to determine if exercise training attenuated senescence in HSPCs and MSCs that 
previous reports have demonstrated.  Finally, future studies will be needed to determine 
if exercise training is successful at enhancing hematopoietic recovery after IR, as 























Figure 5.1. High fat diet is effective at inducing an obesity phenotype that is not 
reversed with exercise. A) A representative schematic model. B)  Mouse body weight 
measured throughout the study, C) Change is percent body fat over time, And D) 
absolute leans body mass. Data presented as mean ± SEM. ap<0.05 main effect of 
time.  bp<0.05 interaction of time*diet. cp<0.05 interaction time*exercise. *p<0.05 
significant difference between CON+EX compared to HF+SED and HF+EX.  β<0.05 
significant difference of CON+SED compared to HF+SED and HF+EX.  n=10 









Figure 5.2. Exercise protects BM cellularity and HSPCs from sub-lethal irradiation 
regardless of DIO. Quantification of A) total bone marrow cells and HSPC and 
subpopulations: B) LSK, C) LT-HSC, D) ST-HSC, E) MPP, F) CMPs, and G) CLPs. 
Total bone marrow cells were quantified via Countess automated cell counter.  HSPCs 
and progenitor cells were quantified from cells obtained from MACs and evaluated using 
the flow cytometer. Data represented as mean ± SEM. ap<0.05 main effect of exercise. 
bp<0.05 main effect of diet. n=10 CON+SED, n=9 CON+EX, n=10 HF+SED, n=10 
HF+EX. Abbreviations: LSK, Lineage-Sca-1+cKit+; LT-HSC, long-term hematopoietic 
stem cell; ST-HSC, short-term hematopoietic stem cell; MPP, multi-potent progenitor; 








Figure 5.3. Exercise decreases endogenous ROS in the total HSPC pool in the 
presence of DIO.  Median fluorescence intensity of ROS within A) LSK+  B) LT-HSCs 
C) ST-HSCs, D) MPP, E) CMP, or F) CLPs. C. a<0.05 exercise main effect. bp<0.05 diet 
main effect, +p<.10 exercise main effect, #p<0.10 diet main effect. n=8 CON+SED, n=7 
CON+EX, n=7 HF+SED, n=7 HF+EX. LSK, Lineage-Sca-1+cKit+; LT-HSC, long-term 
hematopoietic stem cell; ST-HSC, short-term hematopoietic stem cell; MPP, multi-































Figure 5.4. Exercise training prevents the accumulation of MAT in the presence 
DIO and sub-lethal IR exposure. Quantification of marrow adipose tissue via osmium 
tetroxide staining and microCT.  A) Representative images of microCT and b) 
quantification of MAT. Data represented as mean ± SEM. ap<0.05 exercise main effect, 
bp<0.05 diet main effect. n=5 CON+SED, n=5 CON+EX, n=5 HF+SED, n=5 HF+EX. 






Figure 5.5. The combination of exercise training and DIO differentially influence 
MSC populations and increase the quantity of osteoblasts and endothelial cells 
following IR. Quantification of ROS MFI in A) nestin+ MSC, B) osteroprogenitors, C) 
PDGFRα+, D) osteoblasts, E) endothelial progenitors, and G) adipocyte progenitors. 
Total cell numbers were quantified in whole bone marrow isolates. Data represented as 
mean ± SEM. ap<0.05 main effect of exercise. bp<0.05 main effect of diet. *p<0.007 
significant increase between in CON+EX compared to CON+SED, HF+SED, and 











Figure 5.6. Exercise training increases the concentration of ROS in MSCs. 
Quantification of ROS MFI in A) nestin+ MSC, B) osteroprogenitors, C) PDGFRα+, D) 
osteoblasts, E) endothelial progenitors, and F) adipocyte progenitors. Total cell 
numbers were quantified in whole bone marrow isolates. Data represented as mean ± 
SEM. ap<0.05 main effect of exercise. bp<0.05 main effect of diet. *p<0.007 significant 
increase between in CON+EX compared to CON+SED, HF+SED, and HF+EX groups. 






Figure 5.7. Obesity results in a more inflamed bone marrow microenvironment 
that is reversed with exercise Supernatant collected from flushed BM.  Supernatants 
were combined between groups for analysis to minimize intra-sample variability and 
ensure enough protein was collected for each array.  Cytokines were divided according 
to immuno-modulatory function. A) Quantification of the inflammatory markers mediating 
myeloid lineages, B) BM regulatory cytokines.  Only cytokines larger than 1.25 fold were 

















Figure 5.8. BM stromal cells contribute to the inflammation status of obese BM 
through cytokine secretion that is reversed with exercise training. CM collected 
MACs separated Lin- enriched cells.  CM isolates were combined between groups for 
analysis to minimize intra-sample variability and ensure enough protein was collected 
for each array.  Cytokines were divided according to immuno-modulatory function.  Only 
cytokines larger than 1.25 fold were included. A) Quantification of the inflammatory 
markers involved in inflammation and myeloid skewing, B) Leukamia prognostic factors, 
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Chapter 6: Expanded Discussion and Future Direction 
6.1 Introduction 
 The overall aim of the present thesis was to characterize the influence of 
exercise training on bone marrow (BM) microenvironment and hematopoiesis in the 
context of obesity and cancer.  We began by establishing our capacity to detect 
changes in the bone marrow microenvironment following an acute bout of exercise; and 
observed a similar time-course for hematopoietic stem and progenitor cell (HSPCs) 
mobilization in mice (26) (Chapter 3) as has been previously reported in humans (36, 
48).   Additionally, we observed an increase in BM stromal cells secreting proliferation 
and mobilization factors along with stimulated hematopoiesis, suggesting that the 
influence of exercise may in part be mediated by the BM microenvironment (Chapter 3). 
Next, we moved to utilize our techniques to characterize the bone marrow compartment 
in the context of obesity and exercise in a chemical carcinogen model of colorectal 
cancer (CRC). Utilizing azoxymethane (AOM) to induce CRC effectively allowed us to 
determine the role of life-style factors, obesity and exercise training, on the propagation 
of CRC. Diet induced obesity, and nutritional intervention, exacerbated the progression 
of CRC and created more pro-inflammatory BM environment resulting in skewed 
hematopoiesis.  Furthermore, we observed exercise training reversed the pro-
inflammatory BM environment and alterations to steady-state hematopoiesis that 
enhanced CRC progression (Chapter 4).  Observing the capacity of exercise training to 
mitigate cancer progression and restore hematopoiesis, we next sought to determine if 
exercise training would protect the BM compartment from the development of leukemia 
secondary to sub-lethal ionizing radiation (IR) exposure.  We observed that protected 
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overall BM, HSPCs, and attenuated the increase in cytokines used as prognostic factors 
in leukemia present in obese, sedentary mice (Chapter 5).  The next chapter will 
discuss the overall significance of the studies presented in this thesis. 
6.2 Exercise Induced HSPC Mobilization Mediated by the Bone Marrow 
Microenvironment. 
Exercise has been previously observed to modulate HSPC activity, however 
most investigations have focused on HSPC induced mobilization of HSPCs (19, 24). In 
the 1980’s, Heal and Brightman established the first-time course for mobilization of 
blood progenitor cells capable of forming colonies of hematopoietic lineages following 
an acute bout of exercise (36).  More recent studies have established a time course for 
HSPC mobilization, increasing in peripheral circulation 0-20 minutes post exercise, 
before returning to baseline at 30-60 minutes (48, 62, 66, 90).  While effective at 
establishing a time-line by which HSPCs migrate into peripheral circulation; the 
mechanisms underlying HSPC mobilization are not well understood.  Previous studies 
have attempted to establish a connection between exercise induced circulating 
cytokines, but no significant correlations between peripheral mobilization factors and 
HSPC egress (62, 66).  Other reports have suggested that exercise-induced apoptosis 
of circulating lymphocytes mediates HSPC mobilization; and indeed, HSPC mobilization 
was stimulated following injection of apoptotic lymphocytes 3 hours post-injection (61). 
While effective at increasing peripheral HSPCs and suggests that exercise induced 
mobilization may in part be due to apoptotic bodies, it is more likely that the presence of 
apoptotic bodies generated an inflammatory immune response.  In addition, the timing 
of HSPC mobilization does not mimic match the rapid, transient increase observed in 
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previous human reports. Taken together, these data suggest that acute inflammatory 
insults, such exercise, may be mediated by the local BM microenvironment given 
peripheral HSPCs arise from the BM during acute infection (10, 42). 
  Investigating alterations in BM stroma humans is not presently feasible due to 
the invasive procedures necessary to obtain BM cells.  Thus, it was necessary for us to 
utilize an animal model to elucidate the role of BM stromal cells. In Chapter 3, we for the 
first time, shift the focus from exercise included modulations to circulating cytokines and 
highlight a potential role for the BM microenvironment by establishing a similar HSPC 
mobilization response in a mouse model.  We observed an increase an increase in 
HSPC mobilization and proliferation factors secreted by BM stromal cells post-exercise 
during HSPC mobilization (Chapter 3).  These pro-mobilization cytokines primarily work 
via disruption of the CXCR4/CXCL12 signaling axis that primarily retains HSPCs within 
the BM, stimulating egress (17, 24, 59).  CXCR4, present on HSPCs, promotes BM 
retention to CXCL12 expressing stromal cells (21, 32, 42).  While a novel observation, it 
is unlikely that modulated cytokine secretion alone is responsible for the rapid 
mobilization of HSPCs, but likely a result of the multifaceted consequences of exercise. 
The sympathetic nervous system has been shown to influence HSPC mobilization 
according to circadian rhythms (57) In addition, sympathetic stimulation to bone marrow 
blood vessels and blood flow increase post-exercise (14, 34).  While this has not been 
characterized in exercise, ex vivo culture has previously demonstrated laminar shear 
stress decreases CXCL12 expression on MSCs and endothelial cells, while 
norepinephrine inhibits CXCR4 mediated retention of CD34+ HSPCs to CXLC12, while 
increasing cleavage of CXCL12 from MSCs, liberating HSPCs (14, 44, 56, 95).  
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Furthermore, tissue ischemia and inflammation may increase both mobilization and 
HSPC homing to peripheral tissues (19, 61). While not measured in the present study, 
these data suggest that rapid mobilization of HSPCs following acute exercise is a 
multifaceted response, and primarily mediated by decreased CXCL12 in BM stromal 
cells resulting from external stimulation outside of the BM.   
Additionally, we observed increased proliferation of HSPCs and MSCs within the 
BM, and an increase of HSPCs residing within the spleen. The spleen is the second 
preferred home of perturbed HSPCs, and they will preferentially migrate during times of 
BM stress or infection (10).    
 Translationally, these results highlight acute exercise as a potential adjuvant to 
current pharmacological interventions in hematopoietic stem cell transplant (HSCT).  
Most allogenic and autologous HSCTs are performed through the collection of 
circulating HSPCs (55). Currently, pharmacological administration of G-CSF is utilized 
to increase HSPCs concentration in peripheral circulation (81). However, poor 
mobilization in 5-40% of donors often necessitates the use of additional 
pharmacological agents or multiple collection attempts to acquire the necessary quantity 
of HSPCs (24, 37, 75).  The use of an acute bout of exercise prior to HSPC collection in 
conjunction with pharmacological intervention may enhance the success rates in poor 
mobilizing donors.  Future research is necessary to characterize the combination of G-
CSF and exercise on HSPC collection; however, recent reports demonstrating the 
feasibility of exercise in patients undergoing HSCT highlights the critical need for future 
investigation (29).  Overall, Chapter 3 confirmed our ability to detect changes within the 
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BM, and establish that exercise influences both the cellular composition and cytokine 
output of BM stromal cells. 
6.3 Lifestyle Factors, the Bone Marrow Microenvironment, and Cancer 
Progression 
6.3.1 Obesity Induced Dysfunction of the Bone Marrow Compartment Persists in 
CRC  
In Chapter 4, we demonstrate that obesity and subsequent nutritional 
intervention, contribute long-term dysfunction of the bone marrow microenvironment via 
increased BM adipocyte deposits, skewing hematopoiesis, and propagating colorectal 
cancer.  Our observations of persistent marrow adipose tissue (MAT) accumulation 
support previous reports of obesity induced MAT persisting in the BM following a 6 
week dietary reversal attenuation of body weight gain (79).  These data support the 
notion that obesity imparts long-term modulations to the bone marrow 
microenvironment, MAT regulation may only be regulated independently of energy 
status, and dietary intervention alone is not enough to reverse MAT accumulation or 
dysfunctional hematopoiesis.  These novel observations offer insight into persistent risk 
of developing CRC, among other cancer, following dietary intervention and a possible 
interaction between the hematopoietic system. 
Our data expands upon the previous findings, by demonstrating that the 
accumulation of MAT also creates a more inflammatory environment within the BM; 
conferring a myeloid bias to HSPCs and increasing CRC progression. Chronic 
inflammatory states including obesity and advanced age negatively impact the BM 
environment by increasing the accumulation MAT, skewing hematopoiesis, and 
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compromising immune function (6, 26, 58). Indeed, both chronic-low grade inflammation 
and decreased immune function are primary risk factors associated with cancer, tumor 
growth, aggressiveness, and cancer-related mortality (15, 28, 30, 93).  The balance 
between functional cells of the innate and adaptive immune system are critical for 
cancer surveillance.  Increased quantities of adaptive immune cells, particularly CD3+ T-
cells, CD3+ CD4+ T-helper, and CD3+ CD8+ cytoxic cells in tumor associated tissues 
have better disease prognosis in CRC (69, 70). Increases in myeloid lineage cells, pro-
inflammatory macrophages, or myeloid derived suppressor cells (MSDCs) is associated 
with increased cancer progression and poorer prognosis (67).  MDSCs represent a 
heterogenous population of bone marrow derived, poorly differentiated myeloid lineage 
cells that promote tumor microenvironment development and contribute to tumor 
immune evasion (49). MAT is a potent endocrine organ that also contains inflammatory 
myeloid cells, and the increased accumulation within the BM inhibits adaptive immune 
cell differentiation while promoting proliferation of MSDCs through inflammatory 
cytokine secretion (45, 46, 78). Thus it appears that myeloid biasing of hematopoiesis 
may in part result from increased MAT accumulation despite nutritional intervention, and 
play a critical role in cancer development and progression. 
Obesity increases the accumulation of MAT and modulates the BM inflammatory 
status; however, we make the novel observation that these alterations persist over 20 
weeks following dietary intervention (1, 16, 79).  Previous research has implicated 
circulating inflammatory factors arising from tumor associated tissues in CRC, and 
these may have propagated the persistent accumulation of MAT observed in Chapter 4.  
While not measured in the current study, circulating concentrations of TNFα, INFγ, IL-6, 
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and IL-8 are persistently elevated in both mouse and human CRC (87, 89, 92).  
Furthermore, these pro-inflammatory cytokines inhibit osteoblast signaling in MSCs via 
NF-κB signaling that primes adipogenic differentiation.  NF-κB signaling also increases 
the production of ROS within BM MSCs and stimulates the release of pro-inflammatory 
cytokines that create a positive feedback loop perpetuating BM dysfunction (16, 25, 87).  
Additionally, circulating IL-8 arising from the colon migrates into the BM, stimulates the 
release of VEGF from endothelial cells, and is implicated in the increased accumulation 
of MAT in aplastic anemia (88, 91).  These data suggest that, in our model, the 
persistent presence of MAT may be related to increases in circulating cytokines 
commonly associated with CRC progression.  However, future studies will need to 
examine circulating cytokines associated with CRC and long-term BM modulation.  
Our observation of increased pro-inflammatory cytokines in whole BM isolates 
likely skewed myeloid biasing of HSPCs in obese sedentary mice.  We hypothesized 
that the long-term disruption of steady state hematopoiesis resulted from alterations to 
the BM microenvironment. HSPCs are primarily regulated by the bone marrow 
microenvironment, which offers protection from systemic influences that may 
unnecessarily stimulate proliferation and differentiation.  HSPCs express surface 
receptors to respond directly to infection or other stimuli, such as by toll-like receptors 
(TLRs) (64). Daily intra-peritoneal injection of IL-1, which activate TLRs, for 20 days 
results in the increased proliferation and differentiation of HSPCs down myeloid 
lineages.  HSPC skewing was recovered following IL-1 withdrawal in a serial bone 
marrow transplant (sBMT) assay designed to measure long-term HSPC function and 
self-renewal capacity (73).  These results suggest that short-term stimulation of 
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hematopoiesis by inflammatory factors can be reversed by transition into a more 
“neutral” BM environment.  However, special considerations are necessary when 
interpreting sBMT, as IR is used to eliminate endogenous hematopoietic cells may 
disrupt the BM niche, HSPCs rapidly proliferate to reconstitute the hematopoietic 
system, and may not necessarily reflect steady state hematopoiesis.  Further supporting 
the hypothesis that short-term alterations to hematopoiesis may be reversed, Luo et al. 
observed a reversal of obesity induced HSPC and BM microenvironment phenotypes 
following a short-term 6 week 45% high fat diet chow/3 week normal chow diet (52). 
However, long-term IL-1 injection for 70 days compromised HSPC self-renewal 
and conferred an inability to repopulate all hematopoietic lineages in secondary 
recipient mice (73).  Similarly, Singer et al. observed obesity induced by consumption of 
a 60% high fat diet for 16 weeks resulted in the increased production of inflammatory 
myeloid cells in donor mice and that was recapitulated in secondary transplant mice 
(82).  Transplantation of HSPCs from normal chow mice into obese mice resulted in 
similar myeloid skewing, suggesting that the microenvironment HSPCs are transplanted 
into modulate their function (82). Furthermore, long-term high fat diet consumption (18 
weeks) depletes primitive HSPCs and promotes myelopoiesis (5). Taken together, 
these data suggest short-term and long-term inflammatory insult, such as obesity, 
differentially influence HSPC, and may induce a premature aging phenotype. Our 
observations in Chapter 4 partially support this hypothesis, as primitive HSPCs were 
depleted in sedentary mice that consumed a high fat diet; however, as alterations to the 
BM compartment persisted, this is likely the cause in persistent myeloid skewing that is 
associated with CRC progression (69). Future investigations to determine if obesity, and 
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subsequent dietary intervention pre-maturely exhausted HSPCs in CRC will need to be 
conducted. 
6.3.2 Exercise Training Reverses Changes to the BM Compartment in CRC 
Exercise training induces HSPC expansion, possibly through alterations in the 
BM microenvironment (18, 19).  Indeed, exercise has been observed to decrease the 
accumulation of MAT during high fat diet or in the presence of an PPARγ agonist that 
propels MSCs down adipogenic lineages (84, 86). Expanding these data, we observed 
that exercise training reversed obesity induced accumulation of MAT. While this may be 
partially mediated by a decrease in the pro-inflammatory BM partially mediated by an 
attenuation of BM microenvironment inflammation, other lines of research have 
suggested mechanical strain may influence MSCs.  Indeed, mechanical strain 
stimulates MSC proliferation and been implicated in overriding adipogenic stimuli via β-
catenin signaling both in vivo and in vitro (12, 53, 77).  Additionally, physical activity has 
been associated with decreased MAT accumulation with aging and increases bone 
mineral density (63).  It has been postulated that exercise training reverses MAT 
accumulation by increasing β-oxidation and fatty acid metabolism by BM stromal cells 
(85).  Furthermore, both acute exercise and chronic exercise training reverses the 
circulating concentrations of IL-8 in overweight individuals and other pro-inflammatory 
markers (7, 23).  Thus, exercise training may decrease MAT by altering BM metabolism 
to preferentially use β-oxidation and inhibiting the development of additional adipocytes. 
Exercise training did not recover the most primitive HSPC populations; however, 
it was effective at reversing myeloid skewing, thereby restoring “normal” hematopoiesis.  
Depletion of primitive HSPCs may have been influenced by the AOM injection in mice 
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following high fat diet consumption; however, no observed of depletion in primitive 
HSPCs of sedentary mice consuming normal chow does not support this hypothesis. 
Furthermore, it may be possible that exercise induced alterations to HSPCs may be 
impacting more differentiated progenitor cell populations, as exercise training has been 
observed to expand more differentiated HSPCs in the vascular niche but not the 
primitive endosteal associated stem cells (18).  Future studies will be necessary to 
determine the influence of exercise training free of lifestyle variables to determine the 
extent by which HSPC sub-populations are impacted by exercise training.  
Therapeutically, our observations shed light into the influence of obesity, 
systemic inflammation, and increased cancer risk (3, 11, 28). Furthermore, obesity and 
subsequent weight loss have been observed to not attenuate adipose tissue 
inflammation, circulation of inflammatory monocytes, and the incidence of certain 
cancers including CRC and leukemia risk compared to normal weight individuals (11, 
20, 22, 51, 54, 74).  The combination of exercise training and dietary intervention is 
more effective at reducing circulating inflammatory monocytes, adipose tissue 
inflammation, reduced CRC and leukemia risk than diet alone (4, 27, 47, 71).  Our 
chapter 4 observations and recent epidemiological evidence suggest that the 
combination of exercise and dietary intervention may be linked to the BM 
microenvironment remodeling, restoration of steady, state hematopoiesis, and 
attenuated CRC progression.  However, this hypothesis needs to be confirmed in 
humans.  As previously mentioned, obtained BM stromal cells is not feasible in humans, 
limiting the potential capacity to measure the contribution of exercise induced alterations 
to the bone marrow microenvironment steady state hematopoiesis.  However, future 
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research should evaluate the accumulation of MAT via MRI.  Additionally, evaluations 
into the production or ROS in circulating HSPCs, associated DNA damage, or 
expression of cytokines AXL, Bcl-2 or cancer related prognostic factors should be 
measured in following exercise training to obtain an indirect measure of attenuation of 
cancer risk.  Overall, our results demonstrate that the combination of progressive 
exercise training and dietary intervention are effective at attenuating the progression of 
CRC and BM disruption in obesity in mice, but require further validation in human 
subjects.  
6.4 Exercise Induced Protection of the BM Microenvironment and Reduced 
Prognostic Factors for Secondary Hematological Malignancies. 
 In chapter 5, we observed that exercise training protected the BM and increased 
hematopoietic quality following sub-lethal IR exposure as measured by both bone 
marrow cellularity, quantity of HSPCs, and ROS generation in HSPCs.  Furthermore, 
our mouse model closely mimics the development of acute myeloid leukemia (AML) 
following sub-lethal IR, thus allowing us to investigate the impact of lifestyle factors on 
risk factors associated with leukemia development.  The bone marrow environment is 
essential for regulating hematopoiesis, and has becomes dysregulated during leukemia.  
We observed BM remodeling, attenuation of inflammation, and decrease in 
inflammatory cytokines used as prognostic factors in leukemia.  Obesity was associated 
with an overall more inflammatory BM environment and reduce hematopoietic quality 
compared to exercise trained mice.  Together, these results suggest that exercise 
training may induce beneficial adaptations to the BM compartment and reduce leukemia 
risk, even in the presence of obesogenic factors. 
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6.4.1 Leukemia Induced Transformation of the BM Niche 
 Lifestyle factors have been previously implicated in modulating leukemia risk.  
Physical activity has been established to decrease the risk of developing leukemia in a 
dose dependent manner (43, 60, 94).  Conversely, obesity and increased BMI are 
associated with an increased leukemia risk (43, 83, 93).  While the underlying 
mechanisms are not fully understood, multiple hypothesis involving proper energy 
balance, adipose tissue, systemic inflammation, and subsequent DNA mutations have 
been suggested to modulate leukemia risk (40).  In addition, radiation-based therapies 
remain the primary therapeutic option in the treatment of hematological malignancies.  
Advances in health care protocols have increased patient survivability following cancer 
treatment.  Children, who have a high disposition towards developing leukemia, have 
over 90% survival over 10 years in cases between 2000-2005 (39).  Tragically, 10-20% 
of survivors will develop secondary hematological malignancies over the 30 years 
following cancer therapy (65).  The risk for secondary malignancy is further increased 
as increased caloric consumption, decreased physical activity resulting from reduced 
exercise capacity, and obesity are prevalent in leukemia survivors (8, 41).  Our results 
highlight the potential role of exercise to secondary leukemia risk by attenuating HSPC 
damage through modulations of the BM microenvironment, and merit further 
investigations in human trials.  Future investigations are necessary expanding the time-
line of the present study to observe if exercise training decreases leukemia 
development, and if so, the underlying mechanisms responsible.  
 Leukemia encompasses a spectrum of hematological malignancies that share 
the commonality of uncontrolled hematopoiesis resulting from accumulated DNA 
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damage in HSPCs from increased replication, increase ROS, and environmental 
stressors (3).  If DNA damage is not attenuated or repaired, HSCs will transform into a 
cancerous leukemic stem cell (LSC) (3).  Transformation of HSPCs into LSCs results in 
decreased responsiveness to environmental cues from the BM microenvironment 
leading to uncontrolled proliferation.  LSCs actively hijack locations occupied by 
primitive HSPCs while secreting pro-inflammatory factors transform the BM niche to 
create a more inflammatory, fibrotic environment (80).  Furthermore, LSCs alter the 
functional capacity of other cell population.  For instance, LSCs trigger the release of 
pro-inflammatory cytokines TNFα, IL-6, GM-CSF, and IL-1 from BM stromal cells 
stimulating the proliferation of myeloid cells and increasing inflammation (9, 33, 68).  
Furthermore, AML is associated with IL-1 mediated neuropathy of the BM resulting in an 
expansion of endothelial cells, nestin+ MSCs, and osteolineage cells that do not fully 
mature or contribute to bone remodeling (35, 72).  Furthermore, these have an increase 
production of pro-inflammatory cytokines mediated by NF-κB signaling and decrease 
expression HSC maintenance factor CXCL12 (35, 72).  Overall, these data demonstrate 
that leukemia progression arises from remodeling of the BM microenvironment to be 
environment more conducive for LSCs.  
It should also be noted that leukemia can arise from dysfunction within the BM 
stromal cells.  Accumulated DNA damage and subsequent cancerous transformation of 
BM stromal cells, such as by over-active immune stimulation, create a more pro-
inflammatory environment that transform HSPCs into LSCs (80).  Furthermore, 
dysfunctional MSCs contributes to the development of secondary malignancies (76). 
Together these data highlight the BM microenvironment and reducing inflammation as a 
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potential target for prevention or treatment of leukemia.  Supporting this hypothesis, 
administration of Cordycepin, an adenosine analog, disrupts MSC dysfunction by 
attenuating NF-κB signaling, decreasing pro-inflammatory cytokine secretion and 
prolonged the survival of leukemic mice model (50).  Similarity, parathyroid hormone 
administration restores osteogenic forming cells maturation and decrease LSC 
content within the BM. 
Exercise training has previously been observed to modulate the same pathways.  
Increased bone mineral density and biasing of BM stromal cell populations has been 
observed following exercise (2, 31).  Furthermore, exercise induced reductions of IL-
1β and associated cytokines, as observed in this study, suggest a modulation of the 
pro-inflammatory cytokine release and attenuation of leukemia risk.  While the 
benefits exercise as observed in this thesis are promising, the limitations must still be 
considered.  While we did observe an increase in HSPC quantity and reduction of 
factors associated with leukemia development, further studies extend until the onset 
of leukemia in mice are still needed.  Secondly, although our model is highly similar to 
the pathology of leukemia in humans, future exercise studies should be conducted in 
subjects who are at an increased risk for developing leukemia.  Furthermore, 
although we observe benefits to the hematopoietic microenvironment and reductions 
in inflammation, we don’t know the impact on HSPC function following radiation 
exposure, and future studies to confirm maintenance of HSPC self-renewal.  Lastly, in 
order to understand the role of the exercise trained bone marrow niche, future studies 
should be conducted involving the injection of LSCs in exercise trained mice would 
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help determine if the exercise training protects the BM niche and hematopoiesis from 
leukemic transformations. 
 Overall, our work has demonstrated that exercise is induces beneficial 
adaptations the hematopoietic system, creating a system more conducive for steady 
hematopoiesis via bone marrow remodeling.  The results from our studies have also 
shown that exercise modulates the stromal cell secretome in obesity and regeneration.  
Future studies are necessary to determine the full extent to bone marrow adaptations in 
regard to exercise, with many exciting avenue by which to direct future research.  
Furthermore, additional work is needed to translate the benefits of exercise training in 
disease to human models.  Previous research, involving home based studies or low 
intensity exercise training have proved unsatisfactory in enhancing hematopoietic 
recovery (38).  However, increased recognition as to the exercise capacity of patients 
and use of moderate intensity exercise are beginning to show benefits, feasibility, and 
expansion of immunocompetent cells (13).  Although preliminary, these results along 
with our own observed modulation to the BM highlight the critical need to for future 
investigations utilizing increased exercise intensities and highlight the therapeutic 
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Chapter 7:  Conclusion 
Hematopoiesis is the process by which mature cells in peripheral circulation are 
produced; thereby, ensuring the functional operation of the immune system and long-
term survival.  The bone marrow (BM) is the preeminent site of hematopoiesis, and 
primary residence of the hematopoietic stem and progenitor cells (HSPCs) from which 
mature hematopoietic cells are derived.  The BM microenvironment regulates steady-
state hematopoiesis and HSPC activity through the secretion of cell adhesion and 
growth factors presented by resident BM stromal cells (5).  Previous research has 
demonstrated the importance of the individual cellular constituents of the BM 
microenvironment in regulating steady-state hematopoiesis (2, 4).  Disruption of the BM 
microenvironment and cellular constituents, such as in obesity and aging, results in 
skewed hematopoiesis, compromised immune function, and increased cancer risk.  
Thus, therapeutic interventions should be targeted at the BM microenvironment to 
restore hematopoiesis (1). 
 Continuing previous research demonstrating exercise influences hematopoiesis 
within the bone marrow (3); the purpose of the present thesis was to determine the 
influence of exercise on the regulatory bone marrow microenvironment and impact in 
disease models of obesity and cancer.  We demonstrate that an acute bout of exercise 
directly stimulates proliferation within the BM and alters the secretome of BM stromal 
cells (Chapter 3).  Furthermore, we show that skewed hematopoiesis is present during 
colorectal cancer (CRC) progression following obesity (Chapter 4), whose induction is 
incumbent upon skewed hematopoiesis.  We further show that CRC progression is 
reversed with exercise training, and steady state hematopoiesis is reversed with 
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exercise training through remolding of the BM microenvironment and attenuation of 
inflammatory cytokines present within the BM.  Lastly, we establish that exercise 
training protects the BM from sub-lethal irradiation and enhances the quantity of HSPCs 
within the BM following sub-lethal irradiation through decreased inflammation of the BM 
microenvironment.  The alteration in BM inflammation resulted directly through 
modulation of inflammatory factors secreted by BM stromal cells (Chapter 5). We 
successfully demonstrate exercise and obesity differentially influence the BM 
microenvironment, and exercise training beneficially influences hematopoiesis through 
modulating the BM microenvironment and stromal cell secretome.   
 Overall, we have highlighted a critical need to shift research focus from 
circulating factors and future investigations into the BM microenvironment in response 
to exercise training.  The results from our experiments further highlight exercise as a 
potential therapy to combat hematologic malignancies associated with disrupted stead 
state hematopoiesis, and further insight into how exercise may decrease cancer risk.  
While the results from our experiments are promising, further investigations are needed 
to delineate how exercise influences in the bone marrow compartment without the 
influence of obesity or cancer.  Furthermore, future studies are needed to further 
characterize the underlying mechanisms by which exercise influences the BM 
microenvironment.  Overall, we successfully demonstrate that exercise benefits the BM 
compartment by modulating the BM microenvironment and secretome and may reverse 
deteriments incurred by obesity.  In conclusion, our data highlights an exciting direction 
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 Chapter 5 Stromal Cell Flow Plots 
Figure A.1 





Figure A.2  











Figure A.3  
Figure A.3. Representative flow plots for adipocyte progenitors, endothelial 














Figure B.1. Relative percentage of HSPCs within BM. Percentage of A) LSK+  B) LT-
HSCs C) ST-HSCs, D) MPP, E) CMP, or F) CLPs. C. a<0.05 exercise main effect. 
bp<0.05 diet main effect, &p<0.05 signficant difference between groups, +p<.10 exercise 
main effect. n=10 CON+SED, n=9 CON+EX, n=10 HF+SED, n=10 HF+EX. LSK, 
Lineage-Sca-1+cKit+; LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-term 
hematopoietic stem cell; MPP, multi-potent progenitor; CMP, common myeloid 















Figure B.2. Relative population of BM stromal cell populations. Relative percentage 
of BM stromal cell populations.  Percentage of A) Nestin+ MSCs, B) Osteoprogenitors, 
C) PDGFRα+, D) Osteoblasts, E) Endothelial Progenitors, F) Endothelial Cells, and G) 
Adipocyte Progenitors. a<0.05 exercise main effect. bp<0.05 diet main effect, &p<0.05 













25g needle + 1 ml syringe 




1. Isolate mouse for BrdU injection, label cage as BrdU 
2. Tare cup 
3. Weigh mouse and record 
 
4. Calculate BrdU to be injected (50ug/g) 
 
   Day 1      2   3   4       5          6            7              8    9       10 
Weight 
(g) 
           
Dose 
(ml) 
           
 
































1.5 centrifuge tubes 




Heparin solution (500 units/ml) in PBS 
Stain Media (SM): PBS, 5% FBS, store for up to 1 month at 4oC 




1. Obtain peripheral blood samples from submandibular vein, place into heparinized 
centrifuge tube and place onto ice. 
2. Use 300 of blood ul for each sample. 
3. Lyse with 4ml of x1 lysing buffer for 10minute on ice. 
4. Spin down cells down 4C at 400xg 10 minutes 
5. Resuspend cells in 1 ml of SM and divide: (dilutions per 107 cells) 
a. U/S 
b. Lineage only 
c. Ckit only (1:200) 
d. Sca1 only (1:200) 
e. CD150 only (1:200) 
f. CD48 only (1:200) 
g. Full stain (1:200) 
6. Incubate for 50 minutes on ice in the dark. 
7. Quench each sample with 1 ml of SB, spin down at 400 x g, 10 minutes, 4C. 
8. Prepare secondary, streptavidin-FITC (1:800), add 100 ul (per 107 cells) to full 
stains and lineage only. 
9. Quench with 1 ml of SB, spin down at 400 x g, 10 minutes, 4C 









Isolation of CD45- + BrdU Preperation 
Houlihan DD, et al. 2012. 
*Protocol for working with 4 bone marrow samples 
Materials 
Surgical Scissors + Forceps 
Pestle + Mortar 
Cell Strainer 70um 
Centrifuge Tubes (1.5 ml) 
15 mL tubes 
50 mL tubes 
 
Reagents 
HBSS supplemented with 1mM HEPES/ 2%FBS 
Sterile PBS 
0.2% collagenase in PBS  
5% FBS in DMEM 
 
Procedure 
1. Sacrifice mouse + obtain Femurs + Tibias 
2. Remove all non-adherent tissues and store in ice cold PBS, 30 mLs in 50 mL 
tube 
3. Wash all bones by shaking vigorously in PBS. 
4. Flush bone marrow with HBSS buffer.  Save cells. 
5. Crush bones gently by using sterile mortar + pestle 
a. Aim for approximately one bone fracture per bone, excessive crushing will 
damage the MSCs and reduce yield. 
6. Cut bone fragments into tiny pieces with sterile scissors.   
a. Should take 5 minutes minimum to ensure adequate chopping.  Bones 
should resemble paste. 
7. Gently wash the bone fragments 2x with 5 ml of HBSS; save cell suspension  
8. Collect bone fragments into 65mm plate and incubate with 3 ml of preheated 
PBS + 0.2% collagenase at 37C for 1 hour.  Triturate samples in 10ml and work 
down to 5ml serological pipets every 15 minutes. 
9. Filter Cell suspension through 70 um strainer into 50 ml tube.  Place cell 
suspension on ice.  Place remaining bone fragments into the mortar (including 
bone in filter) 
10. Spin cells at 280g x 10, 4C 
11. Aspirate the supernatant and resupend the pellet in .5 ml, combine with 
previously saved cell suspension 
12. Add 25 ul of rat serum 
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13. Add 25 ul of Ab from Mouse Hematopoietic Progenitor Cell Isolation Kit; incubate 
for 15 min on ice. 
14. Vortex beads for 30 seconds, add 37 ul of beads to sample, incubate 10 minutes 
on ice. 
15. Bring to 5 ml of total volume with SB and place into magnet for 3 minutes. 
16. Pour of solution (lineage negative cells) into 15 ml falcon tube 
17. Add 5 ml of SB solution to sample, and place into magnet for 3 minutes. 
18. Pour off solution into sample falcon tube. 
19. Place onto ice, repeat for other samples. 
20. Quench samples and resuspend in 650ul of SB. 
21. Separate samples for staining (dilutions for 107 cells):  For each experiment, only 
need 1 control) 
a. U/s (50ul) 
b. CD45 (50 ul) (1:200) 
c. Tritonized cells for Viability dye Sytox Blue (50 ul) (1:200)  
d. Combined stain for each FACS sample (400 ul) 
e. 200 ul to be used for BrdU analysis.  Store on ice. 
22. Incubate in the dark, 30 minutes, Ice. 
23. Quench 1 ml, wash  280xg, 4C 
24. Resuspend in HBSS buffer and take over. 
a. .5 for all samples. 
25. Collect into 5% FBS/DMEM 
 
Upon Collection 
26. Spin down cells, 400xg for 10 minutes 
27. Aspirate fluid + resuspend 
28. Culture cells in 96 well plate (50,000) per well in 150 ul media. 
29. Transfer remaining cells to 1.5 ml tube 
30. Spin down and aspirate all fluid.  

















BrdU analysis of LepR , PDGFRA, HSC 
Based of manufacturer’s protocol  
*Working with 4 bone marrow samples 
Materials + Reagents 
5% FBS in PBS (staining buffer, SB) 
PBS  
BrdU flow kit 
1. Cytoperm/Cytofix 
2. Cytofix 
3. X10 perm/wash fluid – dilute to x1 in dH20. 
4. FITC BrdU AB 
5. DNAse (stock 300 ug/ml) – add 700 ul of PBS for 10 samples. 
1.5 ml centrifuge tubes 
Incubator 
 
1. Obtain cells samples from MACS. 
2. Spin cells down, resuspend in 500 ul of SB 
3.  Divide samples up for appropriate controls and combined stains 
*only one control sample is needed per set of experiments.  Obtain samples 
evenly from all bone marrow samples.  Bring all samples to a total volume of 
200 ul in SB. (ratio indicates staining dilution) 
a. U/S (50 ul) 
b. BrdU only (50 ul) (BL1) 
c. SCA1 (BL2) (50 ul) (1:200) 
d. CKIT (BL3) (50 ul) (1:200) 
e. CD150 (VL1) (50 ul) (1:200) 
f. CD48 (VL2) (50 ul) (1:200) 
g. Lepr Only (50 ul) (1:200) 
h. PDGFRA only (50 ul) (1:200) 
i. Sample 1 PDGFRA + Lepr (200 ul) (1:200) 
j. Sample 2 PDGFRA + Lepr (200 ul) (1:200) 
k. Sample 3 PDGFRA + Lepr (200 ul) (1:200) 
l. Sample 4 PDGFRA + Lepr (200 ul) (1:200) 
m. Sample 1 HSC stain (SCA1,CKIT, CD48, CD150) (all 1:200) (200 ul) 
n. Sample 2 HSC stain (SCA1,CKIT, CD48, CD150) (all 1:200) (200 ul) 
o. Sample 3 HSC stain (SCA1,CKIT, CD48, CD150) (all 1:200) (200 ul) 
p. Sample 4 HSC stain (SCA1,CKIT, CD48, CD150) (all 1:200) (200 ul) 
4. Incubate for 50 minutes on Ice, dark. 
5. Quench with 1 ml of SB, spin at 500C for 5 minutes 
6. Prepare secondary.  800 ul of SB with 4 ul of PerCp5.5 secondary. 
7. Apply to LepR samples, incubate for 20 minutes on ice in the dark. 
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8. Resuspend all other samples in 200 ul of SB. 
9. Quench with 1 ml, spin down samples at 500 X G, 4C for 5 minutes. 
10. Aspirate all fluid.  
11. Add 100 ul of Cytoperm/Cytofix to each sample, incubate on ice for 15 minutes in 
the dark. 
12. Quench with 1 ml of Perm/wash buffer, spin 500xG, 4C. 
13. Add 100 ul of cytoperm to each sample, incubate for 15 minute on ice, in the 
dark. 
14. Quench with 1 ml of perm/wash buffer and spin at 500xG, 4C. Aspirate fluid. 
15. Add DNAse solution, diluted to 30 ug/ml, add 100 ul to each primary combined 
stain + BrdU only control. 
16. Incubate at 37C for 1 hour. 
17. Quench with 1 ml of perm wash fluid, spin at 500xG, 4C.  Aspirate fluid. 
18. Prepare BrdU AB – 500 ul of SB, 10 ul of BrdU AB. 
19. Add 50 ul to all combined stains + BrdU only. 
20. Incubate on 20 minutes, Ice, Dark. 
21. Quench with 1 ml of Perm/Wash, spin down samples at 500xG,4C. 


























RNA Isolation from Mouse Tissue (frozen in liquid nitrogen)      
(Combo. Trizol & RNA Spin Cup Method)  
Homogenization: 
1. Chip frozen tissue to weight of 20 – 25mg 
2. Transfer 25mg of tissue sample into tube containing 1.0mL Trizol Reagent 
without delay. 
3. Homogenize for 30 – 60 seconds at room temperature using glass homogenizer 
4. Incubate the homogenized sample at room temperature for 5 minutes 
5. Add 0.2mL of cholorfom per 1.0mL of Trizol Reagent (ie. Add 200μL of 
chloroform) 
6. Shake tube vigorously for 15 seconds 
7. Incubate at RT for 5 minutes 
8. Centrifuge at 12 000g, 4⁰C for 10 minutes  
9. Transfer upper aqueous phase to new tube and measure volume  
RNA Purification: 
1. Add equal volume of 70% ethanol to aqueous phase transferred in previous step 
& mix be pipetting.  Do not centrifuge.  
a. Note: a precipitate may form after the addition of alcohol in some 
preparations.  This does not affect the procedure.   
2. Pipette 700μL of the volume into an RNA spin column placed into a 2mL 
collection tube (provided in kit).  Centrifuge at 10 000g for 30-60 seconds at RT.  
Discard flow through. 
3. Optional: This is the starting oint if performing the optional on0column DNase1 
digestion.  Follow protocol as outline on page 15 of instruction manual from Total 
RNA Kit 1 from OMEGA  
4. Pipette 500μL of RNA Wash Buffer I directly into the RNA spin column.  
Centrifuge at 10 000g for 30-60 seconds at RT and discard flow through.  
5. Pipette 500μL of RNA Wash Buffere II diluted with absolute ethanol into the RNA 
spin column.  Centrifuge at 10 000g for 30-60 seconds at RT.  Discard flow 
though. 
6. Pipette 350μL of RNA Wash Buffer II diluted in absolute ethanol into the RNA 
spin column.  Centrifuge at 10 000g for 30-60 seconds at RT and discard flow 
though.  
7. With the 2mL collection tube emptied, centrifuge the RNA spin column at 2 min 






1. Pre-heat 40-70μL of DEPC-treated (or RNase free) water.  (ie. Place in 
microwave for  45-60 seconds)  
2. Transfer the RNA spin column into a clean 1.5mL collection tube (ie. 1.5mL 
centrifuge tube – not supplied in kit), and elute RNA with pre-heated 40 - 70μL of 
DEPC-treated water (or RNase free water).  Ensure to add the water directly to 
the spin column.  Centrifuge for 2 minutes at 10 000g. 
a. Note: a second elution may be necessary if expected yield of RNA is 
>30ng. 
3. Alternatively, RNA may be eluted with a greater volume of water.  While 
additional elutions increase total RNA yield, the concentration will be lower since 
more that 80% of RNA has been recovered in the first elution.  Pre-heating the 
water to 70⁰C before adding it to the column, and incubating the column for 5 min 
at RT before centrifugation may increase yields.  
cDNA RT 
1. Prepare mastermix as follows (per reaction, create 5 extra) 
a. 2.0 ul RT Buffer 
b. 0.8 ul DTP mix 
c. 2.0 ul RT Random Primers 
d. 1.0 ul Multiscribe RT 
e. 4.2ul RNAse free h20 
2. Place 10 ul of isolated RNA. 
3. Place into microcycler and select appropriate protocol 
4. Quantify remainder RNA with nanodrop 
a. Store on Ice and cover 
5. Store RNA at -80C after quantification 
RT-PCR 
1. Sterlize work area with alcohol and RNAse 
2. Grab samples – store on ice and allow to thaw on ice 
3. Prepare master mix (10 ul per sample, prepare for 10 extra) 
a. Per reaction 
i. Mastermix 5ul 
ii. Appropriate primer – 0.5 ul 
iii. Sterile h20 – 3.5 ul 
iv. cDNA – 1 ul 
4. Place coverslip and smooth, cut off extra edges 
5. Transport to ERML in dark, spin at 1000g x 1 min @ RT 




Gene Assay ID Entrez Gene ID 
TCF7 Mm00493445_m1 21414 
mp16 (Cdkn2a) Mm00494449_m1 12578 
Il6 Mm00446190_m1 16193 
Il1b Mm_0044228_m1 16176 
VEGFa Mm00437306_m1 22339 
IGF1 Mm00439560_m1 16000 
SCF Mm00442972_m1 17311 
PDGFc Mm00480205_m1 54635 
Actb Mm02619580_g1 11461 
SDHA Mm01352366_m1 66945 
MLRP14 Mm00503378_m1 68463 
CXCL12 Mm00445553_m1 20315 
























 41.4 g EDTA 
 4.4 g NAOH 
 QS to 1000 ml 
 
5% potassium dichromate  
 5 g potassium dichromate 
 100 ml of ddh20 
 
Osmium Tetroxide solution 1%  
 Must be done in fume hood! Toxic! Prepare fresh every time in glassware! 
 1 part 5% potassium dichromate 
 1 part 2% Osmium Tetroxide   
 
Protocol 
1. Obtain Femur/Tibia and clean of all tissue 
2. Fix bone in Neutral Buffered Formalin for 24 hours 
3. Rinse in h20 and place in EDTA solution for 14 days  
a. Check bones, shouldn’t take more than 2 weeks 
4. Place bones back into formalin or proceede to next step.   
a. NEVER FREEZE BONES 
5. Rinse bone off with h20 
6. ALL FURTHER STEPS SHOULD BE DONE IN FUME HOOD. 
7. Cut bone – For Femur, cut immediately below the femoral head. For Tibia cut at 
distal ankle joint 
8. Place bone cut inside cryotube with cut side up.  Incubate in 1% osmium 
tetroxide solution for 48 hours. 
9. Place bones in new tube and rinse for 1 hour with h20.   
a. Scheller et al image with samples in dh20. 
10. Dispose of Osmium Tetroxide appropriately 




1. Turn on Xarcadia – allow to warm up (light will turn green) 
a. Dependent upon when last used (5-15 minutes) 
2. Remove sample bone from dH20 
a. Dry and remove extra tissue CAREFULLY 
3. Place into microcentrifuge tube – be consistent with all samples 
a. Place bone inverted, with distal portion towards lid  
b. May need to place cotton to bring above centrifuge lid 
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4. Set power at 40KV 8W 
a. Worked for our samples – may need to play with to get proper contrast 
5. Place camera to take pictures continuously, 1 sec refresh, and set X, Y, and Z 
axis so that full bone is in frame. 
a. Rotate bone 90 degrees at a time – full bone should remain in frame for 
full 360 degrees.  If not, may need to adjust X, Y or Z (most commonly Z) 
6. Set reference points with marking tool – need to be redone with each sample 
a. Switching between samples, recheck bone is in frame of reference.  On a 
single day of scanning and placing properly each time, no to minimal 
adjustment for each axis will be needed.  Reset frame of reference after 
checking 
7. Set to expose for 1 second and image / 1 degree for 360 degrees  
a. Should take anywhere from 42-47 minute with references pictures and 
actual scan.  Can be modfied, less images taken or greater increases in 
degree rotation will result in decreased time, but less resolution. 
8. Save file to appropriate pathway, and begin scan. 
9. After scan is complete, load next sample and begin again. 
10. While other scan is ongoing, compile images using reconstruction program.   
a. Open image in reconstruction program, compile, and move through each 
phase shift.  Note the phase where light diffraction is least, and when 
saving/reconstucting image, enter phase.   
11. Select appropriate save pathway and hit reconstruct image button. 
12. Open analysis program – and open previously reconstructed image. 

























Mouse Cytokine Array 
 
1. Take kit out of freezer – let equilibrate to room temp 




 Refer to kit manual for specific dilutions regarding different sample types: for 
cell/tissue lysates (5-10 fold dilution of blocking buffer) 
Load 50-500 ugs of sample per array (200ugs for Chen project)  
a. Prepare samples individually as calculated (dilute with blocking buffer) 
i. CNT 
ii. EX 
Dilute 200 ul sample with 800 uls of block buffer (Total 1 ml) 
 
Procedure 
1. Remove membranes from package and place antibody side up (marked as (-) 
or (#) sign) 
2. Pipette 2mls of blocking buffer and incubate for 30 min at room temp 
3. Aspirate ALL FLUID 
4. Pipette 1 ml of sample onto array and incubate 1.5-5h at RT (Can also do 
overnight) 
5. Following incubation, aspirate samples 
6. Wash with Buffer 1 (x1) for 3 x 5 min 
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7. Wash with Wash Buffer 2 (x1) for 3 x 5 min 
8. Pipette 1 ml of PREPARED biotinalyted AB cocktail overnight at 4C (2 mls of 
blocking buffer into each vial) 
9. Aspirate each well and repeat steps 6 + 7 
10. Pipette 2 mls of PREPARED HRP onto each well for 2h RT (1:1000 blocking 
buffer) 
11. Aspirate each well and repeat steps 6 + 7 
12. Transfer to Plastic and remove excess fluid 
13. Pipette equal amounts (1:1) of detection buffer C and D (500 ul enough for 1 
membrane) onto membrane and incubate for 5 minutes in dark 
14. Image within 5 minutes 
























Immunofluoresence Stain for BM 
Materials Needed 
PBS 
PBS-T  (0.2% Tween) 
Blocking Buff 
(10% Goat, 0.2% triton, PBS) 
AB solutions  
(5% goat, PBS) 
Dapi (in Fridge) 




*For procedures, all steps except drying involve placing wet paper towels in box to 
maintain humid conditions. 
*Bones come off extremely easy.  Seems to increase with pap pen, according to 
Boateng, place AB onto samples and place a sheet of para film on top.  Carefully 
remove. 
*During wash steps – slowly insert and remove slides.  Place at angle when washing – 
bones come off less. 
Day 1 
1. Allow cryosectioned slides to dry – RT for 20 min. 
2. Fix samples with isopentane 
3. Was 1 x 10 PBS at RT 
4. Blocking Buffer for 1 hour at RT 
5. Tip off block + add AB cocktails 
1:200 Lin cocktail  
6. Incubate overnight at 4C (or 14 h) 
 
Day 2 
1. Wash 2x10 in PBS at RT 
2. Wash 1x10 in PBST at RT 
3. Secondary incubation (Strep-avidin FITC 1:400) in 1% BSA/PBS at RT for 1 hour 
4. Wash 2x10 in PBS at RT 
5. Wash 1x10 in PBST at RT 
6. Fix samples with 4% PFA 
7. Wash 2x10 in PBS at RT 
8. Wash 1x10 in PBST at RT 
9. Tip off and add LepR AB (1:200) 
10. Wash 1 x 10 min at PBS at RT 
11. Incubate overnight at 4C (or 14h) 
 
Day 3 
1. Wash 2x10 in PBS at RT 
2. Wash 1x10 in PBST at RT 
3. Secondary incubation (1:400) in 1% BSA/PBS at RT for 1 hour 
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4. Wash 2x10 in PBS at RT 
5. Wash 1x10 in PBST at RT 
6. Fix samples with 4% PFA 
7. Wash 2x10 in PBS at RT 
8. Wash 1x10 in PBST at RT 
9. Tip off and add IL-1R AB (1:200) 
10. Incubate overnight at 4C (or 14h) 
 
Day 4 
1. Wash 2x10 in PBS at RT 
2. Wash 1x10 in PBST at RT 
3. Secondary incubation (1:400) in 1% BSA/PBS at RT for 1 hour 
4. Wash 2x10 in PBS at RT 
5. Wash 1x10 in PBST at RT 
6. Dapi 5 mins at RT 
7. Wash 1 x 10 min at PBS at RT 
8. Dry slides in Dark at RT 




















Isolation of BM cells and Analsysis of Bone marrow Cells 
Houlihan DD, et al. 2012 
Materials 
Surgical Scissors + Forceps 
Pestle + Mortar 
Cell Strainer 70um 
Centrifuge Tubes (1.5 ml) 
15 mL tubes 
50 mL tubes 
 
Reagents 
DMEM supplemented with 2%FBS + 1% P/S 
 -per day need 325 mls (1200 mls total) 
Sterile PBS (20 per day) 
0.2% collagenase in DMEM 
 - per day need 50 mls (200 mls total experiment) 
5% FBS + PBS sterile 
 -150 mls per day (600 mls total) 
 
32. Sacrifice mouse + obtain 2 Femurs + 1 Tibias 
33. Remove all non-adherent tissues and store in ice cold PBS, 2 mLs in 5 mL tube 
34. Wash all bones by shaking vigorously in PBS, remove excess tissue. Remove 1 
tibia and 2 femur (entire length incl. head of femur) from both sides. Remove any 
attached muscle (via gentle Kim-wipe rubbing). Place into PBS+5%FBS solution. 
1. Flush BM with 1 ml of 5 % FBS solution, once each side. Set aside. 
a. Spin at 500 x G Remove supernant from flushed BM and flash freeze. 
Resuspend cells in 1ml of 5% FBS+PBS and place on ice 
35. Crush bones gently by using sterile mortar + pestle 
a. Aim for approximately one bone fracture per bone, excessive crushing will 
damage the MSCs and reduce yield. 
36. Cut bone fragments into tiny pieces with sterile scissors.   
a. Should take 5 minutes minimum to ensure adequate chopping.  Bones 
should resemble paste. 
37. Gently wash the bone fragments 2x with 10 ml of DMEM into 50ml tube through 
70ul strainer. Save cell suspension and place on ice. 
a. Spin down and resuspend in 5%FBS + PBS 
38. Collect bone fragments into 50 ml tube (or 10mm plate) and incubate with 5 ml of 
preheated DMEM + 0.2% collagenase at 37C for 1 hour.  Trituate samples in 
10ml pipets and work down to 5ml pipets every 15 minutes. 
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39. Filter Cell suspension through 70 um strainer into 50 ml tube.  Place cell 
suspension on ice.  Place remaining bone fragments into the mortar (including 
bone in filter) 
40. Crush the bone fragments (suspended in 2.5 ml DMEM+2%FBS) by gently 
tapping with the pestle 50 times.  Add a further 5 ml of DMEM, and by using 
pipette, wash the liberated cells out of the bone into solution.  Aspirate the liquid 
solution and filter.  Add to previous cell suspension.  Repeat step up to 2x.  
a. Excessive crushing will damage cells, only gentle tapping.  Too vigorous 
pulverizes bone and contaminates flow plots. 
41. Spin cells at 400g, 4C 
42. Aspirate the supernatant and resupend the pellet, combine with previously saved 
cell suspension into 1.5 ml tube. 
43. Resuspend in 1ml 5% FBS 
44. Perform Cell Count (save slide) 
a. 1:100 dilution 
45. Resuspend at 108 cells per ml. 
46. Separate cells for niche stains and MACs 
 
MACS protocol (if less than 1 ml, use appropriate value, cells should be 
suspended at 108 cells per ml. Less than 506 cells, resuspend at 500 uls) 
1. Place into 1.5 ml tube 
2. Add 50 uls rat serum / ml of solution 
3. Add 50 uls of isolation cocktail / ml of solution. Incubate for 15 minutes on ice 
4. Add 50 uls of biotin cocktail / ml of solution. Incubate for 15 minutes on ice 
5. Add 50 uls of magnetic beads / ml of solution. Incubate on ice for 15 minutes 
6. Place into 15 ml falcon tube. Bring total volume to 6 mls. Incubate for 3 minutes 
in magnetic block. Pour off solution into 15 ml falcon tube. Place onto ice. Repeat 
for all samples. Wash twice at 400 g at 4C 
7.  Resuspend in 5% FBS/PBS Perform cell counts on samples (on whole sample) 
8. Divide as follows 
a. 106 cells needed – to be divided 500k for LSK FOCI 500k for total LSK 
ROS 
b. 50k for cell culture experiments (Plate with 150 uls of DMEM + FBS + 1% 
p/s) 










SCA1 1:200  1 ul for 200 uls 
CKIT 1:200  1 ul for 200 uls 
CD48 1:200  1 ul for 200 uls 
CD150 1:200  1 ul for 200 uls 
ROS 1:3000  0.33 uls for 1 ml 
FOCI 1:3000  0.33 uls for 1 ml 
 
Samples Needed 
FOCI only (will be fixed, need separate 
single, only need 1 set of SS for full day) 
ROS only (will not be fixed, need 
separate single stains, only 1 set of SS 
for full day) 
Unstained Unstained 
SCA1 only SCA1 only 
Ckit Only Ckit Only 
CD150 only CD150 only 
CD 48 only CD 48 only 
Full stain (SCA1, CKIT, CD150, 
CD48,FOCI) 
Full Stain (SCA1, CKIT, CD150, CD48, 
ROS 
• For full stain, 10 samples = 2 mls of solution for 200 ul incubation 
per sample (10 uls of cocktail for full stains). 200 ul for total 
cocktail for full stains. Samples to be separated for ROS and 
FOCI after wash.  
• For FOCI and ROS stain (1:3000)  0.33 ul / ml  0.17 uls / 500 
uls  1.87 uls in 5.5 mls for 11 samples (10 full + 1 single stain) 
Stain Protocol 
 
1. Spin down samples 
2. Resuspend in 200 ul of appropriate cocktail. 
3. Incubate on ice for 30 minutes 
4. Quench with 1 ml of PBS 
5. Spin at 400 g x 5 min at 4C 
6. Separate samples all samples in half for FOCI and ROS stains 
 
ROS 
1. Spin samples down 
2. Suspend in ROS solution (1:3000 dilution) 
3. Incubate for 30 minutes at 37C 
4. Quench with 1 with PBS and spin at 400 g x 5 minutes 







1. Spin samples down 
2. Resuspend in 1ml of 10% Formalin for 30 minutes on ice 
3. Incubate in FOCI solution (1:3000) in 5%FBS + PBS + 0.01% Triton for 30 
minutes on ice 
4. Quench with PBS and spin at 400 x g for 5mins at 4C 





SCA1 only (1:200) SCA1 only (1:200) 
PDGFRA only (1:200) PDGFRA only (1:200) 
Nestin only (1:200) Nestin only (1:200) 
Cd45 only (1:200) Cd45 only (1:200) 
CD31 only (1:200) CD31 only (1:200) 
CD51 only (1:200) CD51 only (1:200) 
Ter119 only (1:200) Ter119 only (1:200) 
Nestin Full (CD45, TER119, Nestin+) Nestin Full (CD45, TER119, Nestin+) 
SCA (SCA1, CD45, CD31, CD51, 
Ter119) 
SCA (SCA1, CD45, CD31, CD51, 
Ter119) 
PDGFRA (PDGFRA, CD45, CD31, 
Ter119) 
PDGFRA (PDGFRA, CD45, CD31, 
Ter119) 
FOCI only ROS only 
• Single stains and full stains to happen at same time, and 
samples will be split after wash before fixing (FOCI fixing, 
ROS not) Full stains to be incubated at 200 uls 
• For FOCI and ROS stain (1:3000)  0.33 ul / ml  0.17 
uls / 500 uls  1.87 uls in 5.5 mls for 11 samples (10 full 
+ 1 single stain) 
Protocol 
1. Spin samples down 
2. Resuspend in appropriate cocktail 
3. Incubate on ice for 30 minutes 
4. Quench with 1 ml of PBS and wash at 400 x g for 5 min at 4C 
5. Separate samples for ROS and FOCI stains 
 
ROS 
6. Spin samples down 
7. Suspend in ROS solution (1:3000 dilution) 
8. Incubate for 30 minutes at 37C 
9. Quench with 1 with PBS and spin at 400 g x 5 minutes 
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10. Suspend in 1000 uls and analyze 
 
FOCI 
6. Spin samples down 
7. Resuspend in 1ml of 10% Formalin for 30 minutes on ice 
8. Incubate in FOCI solution (1:3000) in 5%FBS + PBS + 0.01% Triton for 30 
minutes on ice 
9. Quench with PBS and spin at 400 x g for 5mins at 4C 
10. Resuspend in 1000 uls of 5% FBS/PBS and analyze 
 
 
 
 
 
